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Abstract:
Clouds have a large impact on the Earth’s radiation and energy budget and play con-
sequently a crucial role in prediction of climate change. At the same time, they are highly
variable in time and space. To study and distinguish the different influences of clouds on the
climate system it is useful to separate clouds into individual cloud regimes. In this thesis a
new cloud classification and their response to disturbed cloud droplet number concentration
is presented. Liquid water clouds at cloud scale are separated on the basis of cloud properties
derived from combined A-Train satellite measurements involving the MODIS measurements
onboard Aqua, the CloudSat cloud radar and the CALIPSO cloud lidar.
Using the combined MODIS and CALIPSO cloud-top phase discrimination, liquid water
clouds are identified. The high resolved vertical measurements of the CALIPSO lidar
provide three cloud base height classes and the spatial variability of cloud top height within
a 20 km footprint as an inhomogeneity parameter from which two cloud inhomogeneity
classes are defined resulting in a total of six liquid cloud classes. The classification smoothly
disentangles marine and continental clouds as well as stratiform and cumuliform clouds in
different latitudes at the high spatial resolution of about 20 km. Analyzing the cloud droplet
effective radius reff , cloud optical thickness τc, adiabatic liquid water path Lad, adiabatic
cloud droplet number concentration Nc,ad and cloud geometrical thickness Hthick,CC derived
from collocated combined MODIS, CloudSat and CALIPSO measurements shows a useful
discrimination between cloud regimes.
Further separations between non precipitating and precipitating clouds using the CloudSat
precipitation flag as well as between three classes of free tropospheric relative humidity
from a meteorological reanalysis above cloud top are made to investigate adjustments to
aerosol-cloud interactions for individual cloud regimes. For this, the cloud liquid water path
response, cloud thickness response, and cloud fraction response to perturbed cloud droplet
concentration is analyzed. All sensitivities depend on the chosen cloud or environmental
parameter indicating the importance of analyzing aerosol-cloud interactions for particular
cloud regimes since similar clouds with similar cloud parameter responses are grouped
together helping to identify individual behavior of these cloud regimes to perturbations in
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Referat:
Wolken haben einen großen Einfluss auf den Strahlungs- und Energiehaushalt der Erde und
spielen daher eine zentrale Rolle im gesamten Klimasystem. Aufgrund ihrer Komplexität
und ihrer räumlichen und zeitlichen Variabilität stellt die Abschätzung des Einflusses
von Wolken auf den Klimawandel eine große Herausforderung dar. Zur Untersuchung
dieser Sensitivitäten hat es sich als hilfreich erwiesen, Wolken anhand unterschiedlicher
Parameter zu klassifizieren und zu einzelnen Wolkengruppen zusammenzufassen. In dieser
Arbeit wird eine neue Wolkeneinteilung auf einer Skala von ungefähr 20 km vorgestellt
und die Auswirkungen von Änderungen in der Aerosolkonzentration auf diese individuellen
Wolkenklassen analysiert. Dafür wurden verschiedene spektroradiometrische sowie lidar-
und radargestützte Messungen der Satellitengruppe A-Train kombiniert. Zusammen liefern
diese eine globale Abdeckung horizontal und vertikal hochaufgelöster (Wolken-)Parameter
und damit ein Maximum an Wolkeninformationen.
Auf der Basis dieser globalen Satellitendaten wurden zunächst Flüssigwasserwolken mit einer
Wolkenobergrenzentemperatur > 273 K identifiziert. Für diese Flüssigwasserwolken wurden
abhängig von der Höhe der Wolkenuntergrenze drei Wolkengruppen festgelegt. Zusammen
mit der Variabilität der Wolkenobergrenze innerhalb eines 20 km Footprints, die zwei weitere
Wolkengruppen unterscheidet, ergeben sich insgesamt sechs verschiedene Wolkenklassen.
Mithilfe dieser Einteilung kann man sowohl zwischen kontinentalen und marinen Wolken in
unterschiedlichen geographischen Breiten als auch zwischen stratiformen und cumuliformen
Wolken unterscheiden. Die Analyse der Wolkenparameter effektiver Radius, optische und
geometrische Dicke der Wolken, adiabatischer Flüssigwasserweg und adiabatische Wolken-
tröpfchenanzahlkonzentration zeigt die Zweckdienlichkeit dieser Einteilung.
Zur Analyse der Aerosol-Wolken-Wechselwirkungen wurden die Sensitivitäten des Flüssig-
wasserweges, der geometrischen Dicke der Wolken und des Bedeckungsgrades als Antwort auf
eine gestörte Wolkentröpfchenanzahlkonzentration analysiert. Dafür wurden zwei zusätzliche
Parameter für die Wolkeneinteilung herangezogen. Zum einen wurden die Wolken mithilfe
von Radarmessungen in regnende und nicht regnende Wolken unterteilt, zum anderen
wurde die relative Feuchte oberhalb der Wolken bestimmt und für die Einteilung in drei
weitere Wolkengruppen genutzt. Alle Sensitivitäten sind abhängig von den gewählten
Parametern und zeigen somit die Notwendigkeit, Aerosol-Wolken-Wechselwirkungen für
einzelne Wolkenklassen zu untersuchen, um individuelle Effekte identifizieren zu können.
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Chapter 1
Motivation and Introduction
Estimation and prediction of anthropogenic climate change is one of the main challenges in
modern science. The Earth-Atmosphere system is highly sensible to perturbations in energy
and radiation fluxes so even small changes can cause large impacts on the Earth’s climate.
In Fig. 1.1 the global and annual mean Earth’s energy budget is delineated showing the
manifold processes and interactions of radiation with atmospheric gases, clouds, aerosols and
the Earth’s surface including absorption, reflection, scattering and emission. In an equilib-
rium the incoming shortwave radiation, the reflected shortwave radiation and the outgoing
longwave radiation balance each other.
Figure 1.1: Earth’ global and annual mean energy budget, Graphic adopted from Stevens and Schwartz
(2012)
Radiative Forcing defined as the net change of the energy balance induced by external
imposed perturbations leads to an imbalance in the Earth’s energy budget. It can be
influenced by natural forcing agents like changes in solar irradiance, and of course by human
activities. Aerosols turn out to be of particular importance in estimation of anthropogenic
climate perturbations since they can partly counteract the global warming processes of
greenhouse gases. However especially their effects on clouds remain highly uncertain owed
to the complexity of these effects. Aerosols can serve as cloud condensation nuclei enhancing
cloud albedo by increased cloud droplet concentration and furthermore influencing the
precipitation efficiency which impacts other cloud parameters like cloud liquid water path,
cloud thickness and cloud fraction. The latest assessment report of the Intergovernmental
Panel on Climate Change (IPCC AR5) (IPCC, 2013) stated these effects as aerosol-cloud
interactions and distinguishes between radiative forcing (albedo effect) and adjustments
(remaining effects) of aerosol-cloud interactions. Although many model and observational
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studies analyzed and assessed aerosol-cloud interactions they remain one of the major
uncertainties in climate prediction due to differences in observational results and a wide
spread in model estimates. Therefore no improvement of the level of scientific understanding
referred to “low” for radiative forcing of aerosol-cloud interactions and to “very low” for
adjustments of aerosol-cloud interactions from IPCC AR4 to IPCC AR5 can be obtained.
The goal of this thesis is to analyze adjustments of aerosol-cloud interactions for liq-
uid water clouds on a global scale. For this, clouds are separated into particular cloud
regimes to investigate their individual behavior to perturbations in cloud droplet concen-
tration. All studies are based on satellite measurements of various instruments providing a
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In this chapter an introduction to clouds and fundamental cloud parameters used in this
thesis is given followed by explaining and discussing aerosol-cloud interactions in Sec. 2.2.
2.1 Introduction to clouds
A cloud is a visible accumulation of liquid water droplets or ice particles or both suspended in
the atmosphere. They are formed when the saturation vapor pressure is reached or exceeded
either by moistening or cooling the air (Chap. 2.1.1.1). Clouds influence the incoming and
outgoing radiation, release and consume latent heat, produce precipitation and transport heat
and moisture. Caused by the continuous phase transformation of water, clouds represent the
connector between Earth and atmosphere in the hydrological cycle. They interact with the
surrounding atmosphere including aerosols on different time and space scales with a high
variability from hours to days in time and meters to thousands of kilometers in space being
an important part in the Earth’s energy and radiation balance and playing a key role in
weather and in the climate system.
Since the start of the satellite era clouds can be observed globally. Satellite measurements can
provide the vertical structure and horizontal coverage of clouds improving our understanding
of the highly variable cloud structures. The satellite retrievals define clouds based on their
optical thickness τc (Chap. 2.1.1.3) indicating how much the cloud modifies light passing
through it. Depending on the threshold value of τc the global total cloud amount is about
0.68 considering clouds with τc > 0.1. If a smaller threshold value of τc is chosen with
τc < 0.01 the global total cloud amount increases to 0.73 and decreases to 0.56 for clouds
with τc > 2 (Stubenrauch et al., 2013).
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Figure 2.1: Annual mean total cloud fractional occurrence (CloudSat/CALIPSO 2B-GEOPROF-LIDAR
data set for 2006-2011). Figure adopted from Boucher et al. (2013)
In Fig 2.1 the global distribution of mean cloud fraction from 2006-2011 derived from the
combined satellite CloudSat (Chap 3.1.1) and Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO, Chap. 3.1.2) measurement is shown (Boucher et al.,
2013). Clouds don’t show a uniform distribution over the entire globe, but rather a pattern
with regions of high cloudiness and regions with small cloud coverage. The oceanic mid-
latitude storm tracks in both hemispheres, tropical regions especially along the Intertropical
Convergence Zone (ITCZ) and regions west of the major continents North America, South
America and South Africa are characterized by a high cloud fraction whereas continental
desert regions in the subtropics like the Sahara, Australia, the Arabian Peninsula and the
Kalahari are almost cloud free. Also the central subtropical oceanic regions show a small
cloudiness.
Since the early start of meteorological research, clouds have been classified summarizing
clouds with characteristic cloud properties to identify a distinct state of the atmosphere.
Howard (1803) already distinguished between the three fundamental cloud classes cirrus,
cumulus and stratus. The cloud altitude, either the cloud base or the cloud top, is a
commonly and for a long time used parameter to distinguish low, middle and high level
clouds depending on the latitude of their occurrence. The vertical and horizontal structure
of a cloud is often used to separate between cumuliform and stratiform clouds (World
Meteorological Organization, 1975). The high variability of clouds enables the definition
of cloud types and cloud regimes on a wide range of time and space scales using the
atmosphere’s dynamical state or cloud parameters themselves (cf. Chap. 4). Thereby the
cloud type plays an important role in identifying and separating the impacts of clouds
on climate sensitivity and climate change (e. g., Dhuria and Kyle, 1990; Hartmann and
Michelsen, 1993) as discussed in Sec. 2.2 as well as on Earth’s radiation and energy budget.
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Cloud radiative effect
The cloud radiative effect can be understood as the influence of clouds on the top of
the atmosphere Earth’s radiation budget and can be derived from satellite measurements
comparing the upwelling radiation in the absence and presence of clouds whereby the total
cloud radiative effect Ctot is composed of the the shortwave cloud radiative effect CSW and
the longwave cloud radiative effect CLW
Ctot = CSW + CLW (2.1)
(Ramanathan et al., 1989). By definition CSW is negative since clouds reflect solar incoming
radiation back to space enhancing the planetary albedo whereas CLW is positive due to
absorbing of terrestrial radiation and therefore contributing to the greenhouse effect (Boucher
et al., 2013). Low clouds and optically thick clouds at all altitudes contribute to cooling the
climate system because their high albedo effect dominates their effect on emitted longwave
radiation (Hartmann et al., 1992) whereas thin, medium- and high altitude clouds rather
contribute to warming the climate system (Dhuria and Kyle, 1990). Globally and annually
averaged, clouds exert a shortwave cloud radiative effect of approximately CSW = −50 W m−2
and a longwave radiative effect of approximately CLW = 30 W m
−2 ±10% or less between
published satellite estimates (Loeb et al., 2009) and therefore a net cooling on the current
climate.
2.1.1 Fundamental cloud parameters
In the following subsection fundamental and often used cloud parameters will be presented
and discussed.
2.1.1.1 Cloud Droplet Number Concentration and Köhler theory
The cloud droplet number concentration Nc is an important cloud microphysical parameter
and results from an interaction of many different cloud parameters and processes. It is the
integral zeroth moment of the droplet size distribution and depends on chemical composition,
concentration and size distribution of the precursor aerosol as well as thermodynamical and
dynamical environmental conditions during the cloud formation process (Barahona et al.,
2011).
To form cloud droplets in the atmosphere two basic requirements have to be fulfilled. First
the presence of water vapor is needed which is given for the entire Earth’s troposphere. Sec-
ond aerosol particles are needed acting as Cloud Condensation Nuclei (CCN) upon which the
water vapor can condense otherwise an unrealistic relative humidity qrh > 400% for negatively
charged ions respectively qrh > 600% for positively charged ions is required to grow cloud
droplets which is never reached in the atmosphere. The discrepancy between the required rel-
ative humidities is presumably due to the geometry of the water molecules (Ambaum, 2010).
The ability of an aerosol particle to act as CCN depends on its size, chemical composition
and supersaturation with water vapor in the atmosphere.
With the Köhler theory (Kohler, 1936) the mechanism of forming cloud droplets in thermo-
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describes the saturation ratio of the saturation vapor pressure over a drop surface esat,r and
the saturation vapor pressure over a plain surface esat depending on the drop radius r and
temperature T . γ is the surface tension of water, mmol,w the molar mass of water, ρw the
density of water andR∗ the universal gas constant. Because the binding of the water molecules
is weaker in droplets caused by the curved surface than for a plain surface the saturation water
vapor pressure over a droplet is larger. Eq. 2.2 shows the smaller the droplet radius is, the
larger the saturation water vapor pressure must be.
In the atmosphere hygroscopic aerosols act as CCN. Raoult’s law states dissolved substances
lower the saturation water vapor pressure which can be expressed with Eq. 2.3
esat,sol = esat
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for weak solutions where the moles of the solute ns  the moles of water nw. i is the van’t
Hoff factor describing the ratio between the actual concentration of particles produced when
the substance is dissolved, and the concentration of the substance as calculated from its
mass. Thereby the higher the concentration of the solution the stronger is the reduction of




































which can be approximated well by linearization as in Eq. 2.8
esat,sol
esat





Fig. 2.2 shows the combination of these two effects for 10−16 g NaCl with a dry droplet size
of 0.05 µm at T = 283.15 K. The effect of the Raoult’s law (shown as the blue curve) is
proportional to r−3 and dominates if the droplets are small. With increasing droplet radius
the Kelvin effect (shown as the red curve) becomes more and more significant and dominates
the droplet growing for large droplets. The Köhler curve shows a peak where the difference
between Kelvin and Raoult effects has its maximum. If the ambient supersaturation exceeds
the critical supersaturation Scrit at the critical radius rcrit of a particle, this particle can be
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activated into a cloud droplet and grow spontaneously. Summarizing, the critical supersatu-
ration is the smaller the larger the particle is and the higher the concentration of the solution
is.
In the atmosphere not only the composition and size of aerosols influence Nc but also en-
vironmental conditions via esat. Additional other effects e. g. a higher temperature of the
aerosol particles than the surrounding air which can occur for absorbing particles like soot
and changing the chemical composition and characteristics of the aerosol with time also in-
fluence Nc and show the complexity in deriving a cloud droplet spectrum from a precursor
aerosol distribution (Tao et al., 2012).
Figure 2.2: Representation of the Köhler theory for a spherical 10−16 g NaCl particle with a dry droplet size
of 0.05 µm at T = 283.15 K. Combining the Raoult effect (blue curve) and the Kelvin effect (red curve) results
in the Köhler curve (black). The green dashed lines indicate the critical supersaturation Scrit and the critical
droplet radius rcrit.
2.1.1.2 Effective Radius
The cloud droplet effective radius reff is an often used microphysical cloud parameter to
calculate radiative properties of clouds. Because satellites measure scattered radiation in
many different wavelength ranges it is important to define a cloud parameter that can be
retrieved from these radiation measurements.
The Lambert Beer law describes the attenuation of incoming radiation passing through an
absorbing and/or scattering medium and can be expressed with Eq. 2.9
I
I0






where I0 is the incoming radiation, I the radiation after passing the influencing medium with
the optical thickness τ along the path length s and βe the extinction coefficient. Hereinafter
only scattering is considered. The scattering coefficient can also be expressed as the product
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of the scattering efficiency Qsca and the cross sectional area of the scatterer A
βsca = QscaA. (2.10)
Considering not only one scatterer as it is the case for gas molecules in the atmosphere or
cloud droplets within a cloud but a species of scatterers with number density N Eq. 2.10
becomes
βsca = QscaAN (2.11)
whereby a monodisperse size distribution is assumed. However in real clouds monodisperse
droplet sizes are not realistic but cloud droplets in an air parcel have different sizes which can
be described by a droplet size distribution, n (r). The number density changes for polydisperse




n (r) dr. (2.12)




Qsca (r) ·A · n (r) dr =
∞∫
0
Qsca (r) · πr2 · n (r) dr (2.13)
with the geometrical cross sectional area A of a particular particle (A = πr2 for spheres with
radius r).
To describe the amount of scattered light a mean radius for scattering rsca can be defined


















rπr2Qsca (r)n (r) dr
∞∫
0
πr2Qsca (r)n (r) dr
. (2.15)
To simplify Eq. 2.15 Qsca can be assumed constant with droplet size if rsca is much larger than
the wavelength leading to the new parameter reff defined by (Hansen and Travis, 1974) as
the ratio of the third to the second moment of a cloud droplet size distribution representing










Cloud droplets can grow due to condensational growth (also often called diffusional growth)
and collision-coalescence growth. Before reaching the rcrit (cf. Sec. 2.1.1.1) a cloud droplet can
grow by diffusion of water molecules from the vapor onto its surface. This process is dominant
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for small cloud droplets when sedimentation and coalescence play a minor role. However the
growth rate decreases with increasing droplet radius so usually the condensational growth is
too slow to responsible for rain formation. The droplet growth by collision-coalescence where
larger droplets capture small ones is more efficient to produce a considerable precipitation
mass and therefore the dominant effect for rain formation in warm clouds. If cloud droplet
radius exceeds a threshold size they start to settle because the gravitational force leads to
an appreciable fall velocity. During falling through the cloud the large drops collide with
smaller ones possible collecting and remain as one larger drop after the collision. If they
are strong enough, updrafts in a cloud can transport the droplet after falling back to higher
altitudes allowing the repetition of the process and collecting more cloud droplets and growing
further by falling through the cloud again. So in precipitating clouds two droplets can be
distinguished. On the one hand cloud droplets are defined as droplets with negligible fall
velocities and on the other hand precipitation droplets are characterized by a significant fall
velocity whereby the number of cloud droplets exceeds the number of precipitation droplets
within a cloud. A broad droplet size distribution resulting in large velocity differences of the
smallest and largest droplet reinforces collision-coalescence growth whereas a narrowing of
the droplet size distribution decreases the relative vertical velocities between smallest and
largest particle leading to a less efficient growth.
Assuming an adiabatic cloud the cloud droplets are activated at cloud base and grow first due
to condensational growth and subsequently coalescence growth with increasing distance from
cloud base since the rising air cools and more water vapor condenses on the droplets. Under
this assumption reff has the smallest values at cloud base and the largest values at cloud top
and therefore depends on the geometrical thickness of the considered cloud. Aircraft (e. g.,
Miles et al., 2000; Brenguier et al., 2000; Andreae et al., 2004), satellite measurements (Chang
and Li, 2002) and combined ship and satellite observations (Chen et al., 2008) show a good
agreement of measured vertical reff profiles with this theory for non drizzling clouds. In raining
and drizzling clouds, drizzle drops reduce the increase of reff with increasing height and can
even lead to decrease reff with increasing height since drizzle droplets increase monotonically
from cloud top to cloud base (Wood, 2005) caused by the collision-coalescence growth as
described above. The vertical profile of reff depends therefore on the cloud type, on the
precursor aerosol concentration forming CCNs and also on the vertical velocity within a cloud
influencing the activation of particles and therefore cloud droplet number concentration Nc
as well as on lateral and cloud top entrainment. In pristine marine clouds with small CCN
concentration, Nc is also small and reff grows quickly with increasing height because the
cloud droplets can grow due both condensation and coalescence resulting in a broad droplet
size distribution and form precipitation in shorter distance from cloud base than heavily
polluted clouds (Rosenfeld and Lensky, 1998; Andreae et al., 2004). In the latter more
CCNs increase Nc and reduce the droplet size (Twomey, 1974) because the liquid water
has been divided into more and therefore smaller droplets assuming a constant liquid water
content. So the cloud droplet growth is characterized mainly by condensation which is more
inefficient for rain initialization since the cloud droplets are too small to collide and coalesce.
The increase in droplet size is the smaller the higher is Nc. Since coalescence is essential for
precipitation formation polluted convective clouds reach much higher altitudes before reaching
the threshold radius above which the droplets begin to settle and the more rapid coalescence
occurs initiating precipitation (Andreae et al., 2004; Freud and Rosenfeld, 2012). Kobayashi
(2007) indicates a threshold range between 15 µm and 20 µm below which precipitation hardly
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forms, whereas Freud and Rosenfeld (2012) found an reff threshold size of about 14 µm.
2.1.1.3 Cloud optical thickness and liquid water path
The cloud optical thickness τc is a measure of weakening the incident light on cloud top
passing through the observed cloud. It depends on variation in cloud water content and
geometrical cloud thickness (Tselioudis et al., 1992) partly counteracting each other and
difficult to differentiate between the particular influences on τc.
The optical thickness can be calculated by integration over βsca between cloud base height





βsca can be expressed using Eq. 2.13 whereby Qsca depends on the size parameter
2πr
λ . For
particles with radius r  wavelength λ it can be assumed Qsca = 2 (Hansen and Travis,
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Extending Eq. 2.18 with 4π3
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∞∫
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LC (z) dz (2.24)
so for a cloud layer with vertically homogeneous cloud droplet size distribution Eq. 2.23 can







Assuming adiabaticity meaning that LC increases linearly with the height above cloud base





and can be used to derive the adiabatic liquid water path Lad from satellite retrievals of τc
and reff (Wood and Hartmann, 2006; Painemal and Zuidema, 2011).
2.2 Aerosol-cloud interactions for liquid water clouds
Aerosols can affect radiation, clouds and precipitation in many different ways influencing the
climate in multiple and complex ways. They come from both natural and anthropogenic
sources with a wide variety in size distribution, chemical composition, shape and lifetime
in the atmosphere. Fig. 2.3 is adopted from the 5th IPCC Assessment Report (Boucher
et al., 2013) and shows on overview about the diverse aerosol effects on climate. The aerosol-
radiation interactions are associated with the absorption and scattering of radiation (radiative
forcing due to aerosol radiation interactions) and the related heating or cooling of the atmo-
sphere or surface. Absorbing aerosols can affect cloud cover by modifying the atmospheric
stability in the boundary layer and free troposphere (Rapid adjustments to aerosol-radiation
interactions) depending on the position of the aerosol layer to the cloud. If aerosols embedded
in the cloud layer absorb radiation they can cause a warming of atmospheric layers resulting
in dissipation of clouds caused by enhanced evaporation of the cloud droplets (Ackerman
et al., 2000a; Koren et al., 2004; Feingold et al., 2005). On the contrary, if the aerosol layer
is located above the cloud top the absorbing related heating can cause a strengthening of the
temperature inversion causing reduced cloud top entrainment and therefore enhanced cloudi-
ness (Johnson et al., 2004; Wilcox, 2010). Furthermore aerosols serve as CCN (Chap. 2.1.1.1)
and therefore have substantial effects on cloud properties and precipitation which for their
part also influence radiation and the Earth’s energy budget through scattering, absorption
and emission. These aerosol-cloud interactions especially the related adjustments are the
main topic of this thesis and will be discussed for liquid clouds in more detail in the following
sections.
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Figure 2.3: Schematic illustration of aerosol effects on climate including aerosol-radiation interactions and
aerosol-cloud interactions, Fig. adopted from the 5th IPCC Assessment Report (Boucher et al., 2013).
2.2.1 Radiative Forcing (aci)
As described in Chap. 2.1.1.1 aerosol particles are required to form cloud droplets in the
atmosphere. They serve as CCN on which cloud droplets can be formed. The radiative
forcing of aerosol-cloud interactions postulated by Twomey (1974) and therefore also often
called Twomey effect or albedo effect is caused by an enhanced aerosol concentration leading
to an increased CCN concentration. For a constant LC and cloud thickness clouds have a
larger Nc but smaller cloud droplets because the existing water has to apportioned to more
CCNs. Consequently the cross sectional area and therefore the albedo of the cloud is increased
(Twomey, 1977) (Fig. 2.4).
Many observational and model studies analyze and assess the radiative forcing due to aerosol-
cloud interactions. Investigations of the Twomey effect via airborne measurements (e. g.,
Taylor and McHaffie, 1994; Ackerman et al., 2000b; Werner et al., 2014) as well as assessments
based on ground-based remote sensing (e. g., Feingold et al., 2003; McComiskey et al., 2009)
found a good representation of the theory in the observations. Also satellite studies as the
primary source of global data for aerosol-cloud interactions concentrate on the Twomey effect
and found for example a decrease of reff in shallow clouds over the Atlantic (Kaufman et al.,
2005) and an increase in Nc with increasing aerosol optical thickness τa (Quaas et al., 2008).
However, the observations remain uncertain making the assessment of the magnitude of RF
of aerosol-cloud interactions difficult.
2.2.2 Adjustments (aci)
In the past, adjustments of aerosol-cloud interactions were often identified with the so called
classical “cloud lifetime effect” postulated by Albrecht (1989) and schematically shown in
Fig. 2.4. It is also based on the idea that an enhanced aerosol loading leads to an increased
CCN concentration and thus to an increased Nc and smaller cloud droplet sizes. The smaller
cloud droplets have a slowed rate to coalesce into raindrops and therefore the precipitation
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formation is reduced leading to an increased cloud lifetime and subsequently to enhanced
fractional coverage and liquid water path.
Figure 2.4: Schematic illustration of Twomey-effect and“cloud lifetime effect”. Graphic adopted from Stevens
and Feingold (2009).
The traditional notation “lifetime” may be misleading since aerosols may not affect the
cloud lifetime per se (Jiang et al., 2006) but rather precipitation. Pincus and Baker
(1994) investigated the influence of precipitation on the albedo susceptibility of marine
boundary-layer clouds using a mixed-layer model. They found increased cloud liquid
water by suppressed precipitation and an increased cloud thickness with enhanced aerosol
concentration influencing for their part cloud albedo. The increased cloud thickness
respectively the increase/decrease of cloud top height/cloud top pressure can be explained
by the concept of invigoration of convective clouds. The decreased cloud droplet size by
increased Nc suppresses precipitation in the liquid phase since the collision-coalescence
growth needed for rain initiation is less efficient for smaller droplets (cf. Sec. 2.1.1.2).
Due to the slowed precipitation formation, in convective clouds more water reaches the
freezing level and the latent heat release from freezing cloud water is increased leading to
enhanced updraft heat transport and buoyancy of cloud parcels causing an invigoration
of convective clouds (Rosenfeld et al., 2008). Observational studies derived from satellite
data investigate the relationship between cloud top height and τa show an increase of cloud
top height with increasing τa (Koren et al., 2005; Yuan et al., 2011; Niu and Li, 2012)
indicating the invigoration of convective clouds. However the theory of increasing cloud
liquid water and invigoration of clouds by enhanced aerosol loading cannot be confirmed
generally in observations and model studies. Cloud water response derived from ship track
observations of marine boundary-layer clouds are investigated in e. g. Ackerman et al.
(2000b); Platnick et al. (2000); Coakley and Walsh (2002). Ackerman et al. (2000b) found
a decreased liquid water content but increased cloud thickness in the ship tracks, whereas
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Coakley and Walsh (2002) found both positive and negative cloud water response but no
evidence of changes in cloud top height postulated by Pincus and Baker (1994). Platnick
et al. (2000) presented that the liquid water path decreases in ship tracks more often than
not. A significant positive correlation between LP and τa is found in model studies (Quaas
et al., 2009) while only a slight increase (Sekiguchi et al., 2003) or even decrease (Costantino
and Bréon, 2013) of LP with increasing aerosol number is derived from satellite data. The
cloud liquid water sensitivity represented by the relationship of LP with Nc instead of τa
was investigated by Han et al. (2002) using four months of satellite data. The data show
in one third of the cases an increasing LP, in one third of the cases a decreasing LP and
in one third of the cases a constant LP with increasing Nc whereby the decreased LP was
predominantly obtained in warmer locations or seasons where the boundary layer is well
mixed or decoupled in contrast do the well-stratified boundary layer in winter (Genio and
Wolf, 2000). Han et al. (2002) explain therefore the decrease by reduced droplet size with
increasing Nc and the hypothesis of an enhanced evaporation just below the cloud base
resulting in decoupling the cloud from the boundary-layer and reducing water supply from
the surface. Large-Eddy Simulations (LES) also show opposing results of cloud water
response to aerosol perturbation. In Ackerman et al. (2004) various simulations show the
influence of humidity above marine boundary-layer stratocumulus clouds on the response of
cloud water to increased droplet concentrations. A positive response was found when humid
air overlies the cloud layer in contrast to a negative response obtained when the overlying air
is dry causing an enhanced evaporation of the smaller cloud droplets induced by cloud top
entrainment of these dry air parcels. These results were reaffirmed by Sandu et al. (2008)
pointing out the importance of entrainment at cloud top as well as decoupling the cloud
from the boundary layer by evaporating drizzle below the cloud base as already discussed
in Han et al. (2002). Lee et al. (2009) also found decrease LP with increase in aerosols
when precipitation evaporates just below cloud base and doesn’t reach the surface, but an
increasing LP in case of surface precipitation. Lu and Seinfeld (2005) and Lee et al. (2012)
also present both increasing and decreasing cloud liquid water with increasing Nc referring
that LP predominantly depends on the meteorological and environmental conditions which is
also suggested by Menon et al. (2008). Gryspeerdt et al. (2014) found a strong relationship
between cloud top and cloud fraction in addition to the strong relationship between cloud
top and τa suggesting a large fraction of the relationship between cloud top pressure and τa
found in other studies is caused by meteorology influencing both parameters and not due to
aerosols. These controversial results indicate that adjustments to aerosol-cloud interactions
cannot simply be reduced to the “cloud lifetime effect” but include rather a combination of
many different effects on cloud amount, cloud liquid water, cloud height and precipitation
efficiency depending crucial on environmental adjustments making it difficult to disentangle.
Stevens and Feingold (2009) suggested that the sensitivity of clouds and precipitation to
changes in aerosol is regime dependent whereby different effects on clouds and precipitation
of particular cloud regimes may counteract each other. These “buffering mechanisms”
can lead to a compensation of the individual aerosol-cloud interactions between the cloud
regimes making it difficult to identify dominating effects and leading to a small overall
radiative forcing and a low signal to noise-ratio. Model studies of the two individual
marine stratocumulus cloud regimes “broken cells” (average cloud cover of approximately
60%) and “closed cells” (cloud cover almost 100%) (Wood et al., 2011) differing in cloud
dynamics and thermodynamic environments show individual responses to aerosols (Wang
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and Feingold, 2009). Observational studies can corroborate these results investigating
microphysical and macrophysical responses of these cloud regimes to aerosols using satellite
data (Christensen and Stephens, 2011; Goren and Rosenfeld, 2014). Goren and Rosenfeld
(2014) show differences of the Twomey-effect, the cloud cover response and liquid water path
response between broken cells and closed cells marine stratocumulus clouds. Christensen and
Stephens (2011) found increased cloud top heights, an increased cloud cover and more liquid
water in polluted open cell stratocumulus regimes in contrast to decreased liquid water and
no changes in cloud top for closed cells. In principle, clouds tend to show two responses
of liquid water to enhanced aerosol concentration as discussed above. First under pristine
conditions including clouds with low droplet concentrations the injection of aerosols tends
to increase cloud liquid water and cloud amount by suppression of precipitation (e. g., Xue
et al., 2008; Christensen and Stephens, 2011). Second under non-precipitating conditions
the evaporation caused by an enhanced entrainment of dry air becomes more important
so clouds tend to become thinner resulting in decreased cloud liquid water (e. g., Lebsock
et al., 2008; Xue et al., 2008; Small et al., 2009). Gryspeerdt and Stier (2012) investigated
the Twomey-effect for individual cloud regimes in the tropics obtaining an increase of the
regime weighted mean sensitivity especially over land compared to the mean sensitivity
without cloud regime separation.
As hypothesized by Albrecht (1989) not only LP and the cloud thickness but also the change
in cloud fraction is related to perturbations in aerosol concentration and subsequently in
Nc. The processes influencing cloud fraction can cause both decreasing and increasing
cloud fraction with increasing aerosols. Suppressed drizzle by related enhanced Nc as
described above is expected to result in increasing cloud fraction (Albrecht, 1989) whereas
the smaller cloud droplets caused by an enhanced Nc may evaporate faster and therefore
reduce cloudiness (Ackerman et al., 2000a; Small et al., 2009). Many observational studies
using satellite data (e. g., Sekiguchi et al., 2003; Kaufman et al., 2005; Ilan and Koren,
2006; Koren et al., 2008; Small et al., 2011; Costantino and Bréon, 2013) and model studies
(e. g., Myhre et al., 2007; Quaas et al., 2009, 2010; Grandey et al., 2013) investigated the
relationship between cloud fraction and τa as a proxy for CCN directly influencing Nc. Even
though in several studies a decreasing cloud fraction with increasing τa is found (Koren et al.
(2008), Dey et al. (2011) at τa > 0.45, Small et al. (2011) also for high τa) the majority
of the studies show a clear increase in cloud fraction with τa although the relationship
in most of the satellite studies is stronger compared to model results. Gryspeerdt et al.
(2016) proposes that the relationship between cloud fraction and τa is mainly caused by
meteorological covariations like the influence of relative humidity and investigated the cloud
fraction response to aerosol perturbations by including informations about Nc obtaining a
reduced cloud fraction sensitivity to τa of about 80%.
Since a lot of effects presented in studies investigating aerosol-cloud interactions are
influenced by meteorology affecting both aerosols and considered cloud parameter τa may be
a less applicable proxy for CCN and therefore Nc (e. g., Nakajima et al., 2001; Costantino
and Bréon, 2013). Furthermore most of the studies discussed above consider only particular
cloud types or geographical regions or investigate aerosol-cloud interactions on a global
scale without separating clouds and aerosol in particular regimes. Therefore it is difficult to
derive a global estimate of aerosol-cloud interactions because individual cloud types show
individual behaviors to aerosol perturbations. The non-linearity of aerosol-cloud interactions
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on clouds and aerosols indicates the spatial variability of clouds and aerosols should be taken
into account even for global mean estimations (Ghan et al., 2013). Because clouds are highly
variable in time and space (cf. Sec. 2.1) there is a need to separate clouds on high resolved
scales which can not be provided by large scale cloud regimes.
In this thesis a global analysis of adjustments to aerosol-cloud interactions is presented based
on high resolved cloud regimes at cloud scale ( 20 km, Chap. 4). Additionally the commonly
used τa to represent aerosol influences on clouds is replaced by Nc to investigate the LP
sensitivity, the cloud thickness sensitivity as well as the cloud fraction sensitivity showing
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In this chapter the satellite instruments and derived datasets used in this thesis are described.
A short introduction to the A-Train satellite constellation in Sec. 3.1 is followed by a descrip-
tion of the individual satellite instruments and the used datasets in Sec. 3.2. The preparation
and filtering of the data are described in detail in Sec. 3.2.1. Closing this chapter, a validation
of cloud base height retrievals from satellites instruments with ground observed cloud base
height is performed in Se. 3.3.
3.1 A-Train satellite constellation
This work is based on measurements of the two active remote sensing instruments
Cloud Profiling Radar (CPR) onboard CloudSat and Cloud-Aerosol LIdar with
Orthogonal Polarization (CALIOP) onboard Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) as well as the passive Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument onboard Aqua. The satellites CloudSat, CALIPSO
and Aqua are members of the A-Train satellite constellation (Stephens et al., 2002) shown
in Fig. 3.1, a group of coordinated Low Earth Orbit (LEO) satellites flying along nearly the
same polar orbital track with an inclination of 98.2° (e. g., Winker et al., 2007; Stephens et al.,
2008) crossing the equator at about 13:30 local time and providing a global data coverage
between 82.5°N and 82.5°S (Tanelli et al., 2008). The sun-synchronous polar orbit has a mean
equatorial altitude of 705 km and repeats the same ground track every 16 days retaining its
size and shape (Stephens et al., 2008).
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Figure 3.1: A-Train satellite constellation (NASA, 2015)
3.1.1 CPR onboard CloudSat
The CloudSat satellite mission started on 28 April 2006 together with the CALIPSO satellite
mission being part of the A-Train satellite constellation. CloudSat flies directly after the
Aqua satellite and the lidar carrying CALIPSO satellite and carries the first spaceborne
millimeter wavelength (94 GHz) W-band radar CPR as the only instrument (Stephens et al.,
2008; Haynes et al., 2009).
The CPR is a nadir-pointing radar system contributing vertical profiles of hydrometeors
in the atmosphere and therefore vertical cloud structures, vertical cloud liquid water and ice
content and related physical and radiative properties as well as the cloud’s precipitation along
the nadir ground track on a global scale. With a 485 m vertical resolution and a horizontal
resolution of 1.4 km (cross track) and 1.8 km (along track) respectively the CPR measures
the power backscattered by atmospheric targets like hydrometeors, ice crystals and cloud
droplets as well as other back scatterers like the Earth’s surface or aircraft as function of
distance from the radar. The amount of received backscattered radiation depends on the
cloud reflectivity and the absorption in the atmosphere. Since both the cloud reflectivity
and the absorption due atmospheric gases increases with higher frequencies 94 GHz is a good
compromise between absorption and reflection (Im et al., 2005, 2001). Because clouds are
weak scatterers of microwave radiation especially compared with the strong reflectivity of
the underlaying Earth’s surface there is need of a minimum detectable cloud reflectivity of
about −28 dBZ which can be provided by CPR with a sensitivity of −30 dBZ (Stephens et al.,
2008; Tanelli et al., 2008). Therefore CPR is able to detect most of the tropospheric clouds.
However cold cirrus or shallow liquid water clouds containing only small cloud particles and no
larger ice crystals or water droplets can’t be detected by the CPR (Sassen and Wang, 2008).
Although the vertical range resolution is 485 m CPR acquires range samples approximately
every 240 m (Tanelli et al., 2008).
Combining the vertical CPR information with measurements from other satellites can help
to evaluate cloud parameters or even provide an entirely new information about clouds and
precipitation. Especially the observations of CloudSat and CALIPSO match closely in time
and space so that their respective beams cover the same vertical column within 15 s and the
overlap of the CloudSat radar FPs and the CALIPSO lidar FPs overlay in more than 90% of
the time (Stephens et al., 2008; Tanelli et al., 2008).
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3.1.2 CALIOP onboard CALIPSO
Launched together with the CloudSat satellite mission the CALIPSO mission started on 28
April 2006 to join the A-Train satellite constellation. The CALIPSO satellite flies behind the
Aqua satellite (Fig. 3.1) and repeats the same ground track every 16 days with cross track
errors meaning the discrepancy between the scheduled ground track and actual ground track
less than ±10 km (Winker et al., 2009). It carries the active CALIOP instrument as the pri-
mary instrument together with the visible sensor of the wide field camera and a three-channel
infrared imaging radiometer, both passive sensors (Winker et al., 2010).
CALIOP is a near-nadir viewing two-wavelength polarization-sensitive lidar and the first po-
larization lidar in orbit to provide detailed vertical distributions of microphysical and optical
properties of clouds and aerosols on a global scale. It includes a solid-state neodymium-
doped yttrium aluminum garnet (Nd:YAG) laser generating simultaneous coaligned pulses at
1064 nm and 532 nm (Winker et al., 2007, 2009). Due to a laser pulse repetition frequency
of about 20.16 Hz and the receiver electrical bandwidth the horizontal resolution is 333 m
along the ground track and the vertical resolution is 30 m. Because the atmosphere becomes
more spatially uniform with increasing altitude the signals from higher altitudes tend to be
weaker than signals from lower altitudes and therefore need more averaging. An altitude-
dependent on-board averaging scheme solves the problem providing full resolution in the lower
troposphere below 8.2 km, a lower resolution of 1 km horizontal and 60 m vertical resolution
between 8.2 km and 20.2 km up to the coarse 5 km horizontal and 300 m vertical resolution
between 30.1 km and 40.0 km where aerosol concentration is near zero (Winker et al., 2004).
The instrument operates continuously during day and night and acquires 1.7 million laser
shots every 24 h (Winker et al., 2007, 2009).
3.1.3 MODIS onboard Aqua
The MODIS instrument is an Earth Observing System (EOS) onboard the Terra and Aqua
satellites. Aqua as part of the ascending polar orbiting A-Train satellite constellation crosses
the equator at around 13:30 local time whereas Terra crosses the equator at around 10:30
local time with a descending orbit (Platnick et al., 2003). The Terra mission started in
December 1999 and Aqua was launched in May 2002 (Remer et al., 2005). MODIS is a
passive scanning spectroradiometer with a swath width of 2330 km and is able to cover the
entire globe within one to two days providing observations of the atmosphere including aerosol
and cloud properties above oceans and land surfaces (King et al., 2003; Barnes et al., 1998).
36 spectral channels also termed as MODIS bands are distributed in the spectral range
between 415 nm and 14.235µm having different spatial resolutions of 250 m (2 bands), 500 m
(5 bands) and 1000 m (29 bands) (Platnick et al., 2003) used to derive individual parameters.
Seven bands in the visible and near infrared (NIR) observe land cover features as well as cloud
and aerosol properties with a spatial resolution of 250 m or 500 m depending on the used band.
All other bands including the 9 ocean color bands, three bands to derive atmospheric water
vapor in the lower troposphere, six infrared bands for surface and cloud temperatures, two
bands for atmospheric temperature, four bands to get informations about cirrus clouds and
water vapor, one ozone-band as well as 4 bands to derive cloud top altitude have a spatial
resolution of 1 km (Barnes et al., 1998). In this thesis mainly the seven channels deriving cloud
optical properties as well as the NIR channel at 3.7µm are required. All MODIS retrievals
to derive cloud microphysical and optical properties have a spatial resolution of 1 km and the
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retrieval algorithm assumes plane-parallel homogeneous clouds over a Lambertian surface in
the absence of an atmosphere (Platnick et al., 2003).
3.2 CALIPSO CloudSat CERES and MODIS merged CCCM
dataset
The CALIPSO (Chap. 3.1.2) CloudSat (Chap. 3.1.1) CERES and MODIS (Chap. 3.1.3)
merged product (CCCM dataset) contains collocated data from CALIOP, CPR, MODIS
and Clouds and the Earth’s Radiant Energy System (CERES) providing comprehensive
informations about clouds, aerosols and radiation fluxes in high vertical and horizontal reso-
lution (Kato et al., 2010, 2011). However in this thesis only products derived from MODIS,
CloudSat and CALIPSO are used. The collocation of these various measurements with differ-
ent spatial resolution requires a two step process schematically shown in Fig. 3.2 and Fig. 3.3.
Figure 3.2: Schematic collocation process of the CCCM dataset, Fig. adopted from Kato et al. (2011)
Figure 3.3: Schematic cloud grouping process in the CCCM dataset, Fig. adopted from Kato et al. (2010)
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Following the collocation process is described in detail based on Kato et al. (2010, 2011).
1. Merging CALIPSO and CloudSat vertical cloud profiles:
In the first step the vertical cloud profiles from CALIPSO and CloudSat measurements
are collocated on a horizontal 1 km×1 km grid (MODIS grid shown in Fig. 3.2) along the
CloudSat/CALIPSO ground track using latitude and longitude. For this the version
2 Vertical Feature Mask (VFM) CALIPSO data product and the 2B-CLDCLASS
CloudSat data product are used. Since the VFM provides a 333 m horizontal resolution
below 8.2 km and 1 km between 8.2 km and 20.2 km (Winker et al., 2007) whereas the
CloudSat CPR has a 1.4 km cross-track horizontal resolution and a 1.8 km along-track
horizontal resolution (Chap. 3.1.1 (Stephens et al., 2008)) every 1 km× 1 km grid point
contains three VFM vertical cloud profiles and one CPR vertical cloud profile. Each
of these three VFM vertical cloud profiles are compared with the CPR vertical cloud
profile to derive cloud top heights and cloud base heights as described in Kato et al.
(2010) using Tab. 3.1. With this merging procedure about 85% of the cloud top heights
and 77% of the cloud base heights are derived from CALIPSO measurements (Kato
et al., 2010, 2011).
2. Collocation with CERES Footprint and cloud grouping process:
The second step starts with collocating the merged CloudSat CPR and CALIPSO VFM
vertical cloud profiles with CERES Footprint (FP)s of about 20 km size whereby only
CERES FPs with the maximum overlap with CALIPSO-CloudSat ground track are
included (Fig. 3.2). Because the horizontal resolution of CERES is much coarser than
the horizontal resolution of the combined CloudSat/CALIPSO vertical cloud profiles
just averaging over one CERES FP would lead to a loss of a significant amount of data.
To retain the high horizontal resolution of the vertical cloud profiles a cloud grouping
process schematically shown in Fig. 3.3 is applied. Therefore cloud vertical profiles with
the same overlapping vertical structure are grouped together comparing the numbers
of cloud layers together with the cloud top and cloud base heights. The number of CGs
within one CERES FP is limited to 16 with maximum 6 cloud layers per CloudGroup
(CG). If more than 16 CGs exist in one CERES FP CGs with similar cloud base heights
and cloud top heights are summarized until the maximum number 16 CGs per CERES
FP is reached (Kato et al., 2010). After the cloud grouping process the CGs are sorted
by their Point Spread Function (PSF) 1 weighted coverage within the CERES FP
whereby the CG with the largest cloud fraction is defined as CG number 1 (Kato et al.,
2014).
The resulting dataset provides a daily Level 2 product with high spatial resolution along
the CloudSat/CALIPSO ground track with a near nadir view only and the CERES FP of
approximately 20 km size as the common grid in which all data are stored (Kato et al., 2014).
It is available continuously from 1 January 2007 to 31 December 2010 and also for three
months (February, March and April) of 2011.
1describing the response of an imaging system to a point source
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Base/Top CALIPSO CALIOP CloudSat CPR Merged Boundary
Top Detected Detected Higher cloud top
Top Detected Undetected CALIOP cloud top
Top Undetected Detected CPR cloud top
Base Not completely attenuated Undetected CALIOP cloud base
Base Not completely attenuated Detected CALIOP cloud base
Base Completely attenuated Detected CPR cloud base
Base Completely attenuated Undetected CALIOP lowest unattenu-
ated base
Table 3.1: Cloud mask merging strategy (taken from Kato et al., 2010)
3.2.1 Preparation and filtering CCCM data
In this chapter a short description of the used CCCM parameters and if necessary the prepa-
ration of these data for further use is provided.
Temperature, pressure and water vapor mixing ratio profiles:
The temperature, pressure and water vapor mixing ratio profiles included in the CCCM
dataset are derived at computational levels from the CERES Meteorological, Ozone, and
Aerosol (MOA) analysis. They come from the Global Modeling and Assimilation Office
(GMAO) Goddard Earth Observing System (GEOS)-4 (Bloom et al., 2005) Data Assimila-
tion System reanalysis before November 2007 and GEOS-5 (Rienecker et al., 2008) thereafter
(Kato et al., 2014) with a temporal resolution of 6 h and a spatial resolution of 1◦× 1◦ (Kato
et al., 2011).
Cloud base height Hbase and cloud top height Htop over ground:
Cloud base height and cloud top height are derived from the CloudSat/CALIPSO merged
vertical cloud profiles as described in Chap. 3.2. Because both parameters are given in alti-
tudes above sealevel the altitude of the surface above sealevel has to be subtracted to obtain
the cloud base height over ground Hbase and cloud top height over ground Htop. A single
layer cloud is characterized by these quantities whereas the minimum Hbase and maximum
Htop is used for multilayer clouds.
Number of cloud layers:
Single layer clouds are defined if only one Hbase and only one Htop is observed in a particular
CG. A multilayer cloud is characterized by number of both Hbase and Htop larger than 1 so
the number of layers is equal the number of Hbase.
Cloud top temperature Ttop, cloud top pressure ptop and the water vapor mixing
ratio at cloud top rv,top:
Ttop, ptop and rv,top are derived from the respective Htop from CloudSat/CALIPSO mea-
surements as described above. Therefore Htop is assigned to Ttop, ptop and rv,top respectively
using the reanalysis temperature, pressure and water vapor mixing ratio profiles so the uncer-
tainties of the cloud top parameters depend on the vertical, spatial and temporal resolution
resolution of the temperature, pressure and water wapor mixing profiles as well as on the
uncertainties of the cloud top heights Htop.
Cloud top temperature Ttop from MODIS To derive Ttop from MODIS, radiance mea-
surements in the four MODIS infrared channels within the CO2 absorption band at about
15µm are used. Each channel is sensitive to a different atmospheric level so cloud cloud top
pressure can be derived depending on the radiance measurement of the channels in which the
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clouds appear and is the converted to cloud altitude and cloud temperature using the gridded
temperature profiles of the National Centers for Environmental Prediction (NCEP) Global
Forecast System (GFS) (Platnick et al., 2003; Menzel et al., 2008).
CloudSat precipitation flag:
In the CCCM dataset the CloudSat precipitation flag from the CloudSat CLDCLASS prod-
uct is included (Sassen and Wang, 2008). It distinguishes between no precipitation (CloudSat
precipitation flag = 0), liquid precipitation (CloudSat precipitation flag = 1), solid precipi-
tation (CloudSat precipitation flag = 2) and possible drizzle (CloudSat precipitation flag =
3). To identify precipitation the stronger reflectivity of precipitation particles compared to
cloud droplets is used. For this it is challenging to reduce effects from the return surface
signal and the limited vertical resolution of the CPR. To derive heavy precipitation therefore
surface signals were determined and the first non-surface contaminated bins (3 to 5 bins above
surface) are selected to detect strong attenuation in CPR signals indicating the occurrence of
precipitation. Thereafter the temperature profile is used to distinguish between solid (Cloud-
Sat precipitation flag = 2) and liquid (CloudSat precipitation flag = 1) precipitation. If the
temperature near surface is at least 2 ◦C the precipitation is labeled as liquid, otherwise as
solid precipitation. To detect possible drizzle (CloudSat precipitation flag = 3) the reflec-
tivity of −28 dBZ is selected based on studies of marine boundary layer clouds (Sassen and
Wang, 2007). The precipitation does not necessarily reach the ground but can occur within
the column (Haynes et al., 2009; Stephens et al., 2008).
Cloud base source flag:
The cloud base source flag indicates the measurement (CloudSat, CALIPSO or both) used
to derive Hbase. It also provides the information whether the CALIPSO signal is completely
attenuated or not.
Cloud optical thickness τc and cloud effective radius reff :
Both τc and reff are derived from MODIS (Chap. 3.1.3). For this six MODIS channels in the
visible and near infrared are combined in addition to either one of the short wave infrared
bands 1.6µm or 2.1µm or the 3.7µm infrared band. The three different spectral bands vary
in penetrating the observed cloud vertically. The 3.7µm retrieval provides reff closest to Htop
whereas the two bands 2.1µm and 1.6µm capture reff from lower cloud layers respectively
from cloud droplets deeper in the cloud (Platnick, 2002; Painemal and Zuidema, 2011). For
further studies τc and reff derived from the 3.7µm channel are used.
Cloud group area percent coverage FCC:
The cloud group area percent coverage FCC is derived from CloudSat/CALIPSO and the
PSF-weighted fraction of each CG j coverage in the CERES FP i. Clear sky fraction within
each CG as well as clear sky fraction outside the CGs in the CERES FP is possible.
Cloud percent coverage over group area FMOD:
The PSF-weighted cloud percent coverage over group area is derived from MODIS and pro-
vides the cloud fraction within a CG j in CERES FP i.
Cloud fraction F of CG j in CERES FP i:
To derive the real cloud fraction F of a CG j within a CERES FP without clear sky amounts
i Eq. 3.1 is used
F (i, j) =
FMOD (i, j)
100
· FCC (i, j) (3.1)
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3.2.1.1 Filtering CCCM data
Before starting the classification of new cloud regimes and sensitivity studies, the CCCM
data are filtered as described in the following.
Only daytime data:
The cloud optical properties derived from MODIS measurements are used so it is necessary
to neglect nighttime data because at night only the thermal bands are recorded (King et al.,
2003) and for deriving cloud optical properties also visible bands are required (Platnick et al.,
2003). The daytime data are chosen with ascending latitudes since Aqua is an ascending
orbit (Platnick et al., 2003).
Cut off polar regions:
A low solar elevation can cause significant biases in derivation cloud optical properties from
MODIS measurements especially τc (e. g., Zeng et al., 2012). In the following studies
therefore high-latitudes and polar regions are neglected and only latitudes lower than 60°N/S
will be considered.
Only liquid water clouds:
Our studies investigate only liquid water clouds. To find liquid water cloud and to minimize
uncertainties Ttop derived from both MODIS and the merged CloudSat/CALIPSO vertical
cloud product are used. Only if both cloud top temperatures are larger than 273 K the cloud
is defined as liquid water cloud.
Neglect reff = 10.00:
In the CCCM data an effective radius of reff = 10.00 is assumed if no MODIS-retrived cloud
properties are available (Kato et al., 2010). Altough only daytime data are used the PDF of
reff shows an enforced peak at reff = 10.00. This peak influences both the cloud classification
and the sensitivity studies of cloud parameters including reff . So in the further studies
reff = 10.00 is neglected.
”Good CloudSat/CALIPSO profiles”:
The number of non default CloudSat/CALIPSO profiles are named as number of ”Good
CloudSat/CALIPSO profiles”. To be sure both CloudSat and CALIPSO provide useful mea-
surements the number of good profiles of both measurements has to be larger than 0 in one FP.
All new cloud classes at cloud scale described in Chap. 4.1 are defined for these filtered data
only. In addition to the filtering described above the clouds used for the sensitivity studies
are filtered for single layer clouds. For this the merged CloudSat/CALIPSO vertical cloud
profiles are used and CG containing multilayer clouds are neglected.




X (i, j) · F (i, j)
Fges (i)
(3.2)
where X (i, j) represents the parameter X of all considered cloud groups j within the FP i
weighted with their respective cloud fraction F (i, j). The related total cloud fraction Fges




F (i, j) (3.3)
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3.3 Evaluation of cloud base height derived from Cloud-
Sat/CALIPSO data with ground observations
It is very difficult to obtain cloud base height from space because the signal of the measuring
instrument passes a long way through the atmosphere and in the end through the observed
cloud itself both influencing the signal strength. To reduce uncertainties only not completely
attenuated CALIOP Hbase measurements are considered. The vertical resolution of 240 m and
480 m, respectively of CloudSat CPR is too coarse, and the cloud radar not sensitive enough
for small liquid droplets prevalent at cloud base (Chap. 3.1.1), to obtain useful information
about Hbase for liquid water clouds. In turn completely attenuated CALIOP signals can’t
provide the real cloud base but the last detected height measurement is included in the CCCM
dataset. So partly the height determined as cloud base height at completely attenuated
signals can be much higher than the real cloud base height. Therefore the source flag of Hbase
reported in the CCCM dataset (Chap. 3.2.1) is used and only cloud base heights detected
from CALIOP only or Hbase derived from CALIOP when CloudSat CPR also reports a cloud
between cloud base (Tab. 3.1) and cloud top are used whereas Hbase derived from CloudSat
CPR alone and completely attenuated CALIOP signals are ignored.
To investigate the accuracy of Hbase derived from satellite measurement three years from 1
January 2007 to 31 December 2009 of the combined CloudSat/CALIPSO merged vertical
cloud profile measurements are compared to cloud base height observations from ground. An
observer at ground is closer to clouds than satellites are and able to identify the cloud base
height directly in contrast to satellites looking down to the cloud base from above getting
perturbations while passing the cloud. The ground observations are collected, processed and
archived in the Extended Edited Cloud Reports Archive (EECRA) (Hahn and Warren, 1999)
beginning in 1971 and updated currently to 2009. EECRA cloud observations are based on
visual cloud observations of trained human observers at weather stations worldwide. The
dataset contains approximately 380 million processed observations from land stations and
approximately 81 million cloud observations from ships (Eastman and Warren, 2012). The
dataset is available through the Carbon Dioxide Information Analysis Center (CDIAC) and
was downloaded at http://cdiac.ornl.gov/epubs/ndp/ndp026c/ndp026c.html.
Code figure Altitude range
0 0 m to 50 m
1 50 m to 100 m
2 100 m to 200 m
3 200 m to 300 m
4 300 m to 600 m
5 600 m to 1000 m
6 1000 m to 1500 m
7 1500 m to 2000 m
8 2000 m to 2500 m
9 2500 m or more or no clouds
/ Height of base of cloud not known or base of clouds at a level
lower and tops at a level higher than that of the station
Table 3.2: Synoptic code of height above surface of the base of the lowest cloud seen assigned to the associated
altitude range, (taken from World Meteorological Organization, 2011)
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The CALIPSO measurements were collocated with the ground observations using their lati-
tude and longitude information taking into account of the observational time compared to the
time of the satellite measurements. For the collocation the temporal resolution is set to 1 h
within both satellite measurement and observation of cloud base height should occur and the
spatial resolution is chosen with 0.3° around the ground station considering the dependence
of the longitudinal resolution on latitude with cosine weighting to define a matching point of
ground observation and satellite measurement. If a matching point is found the satellite de-
rived Hbase measurements were averaged over one FP considering all CG where a usable cloud
base height is found (Eq. 3.2). Because all ground observations are reported in the World
Meteorological Organization (WMO) synoptic code the FP averaged satellite measurements
Hbase were transformed in the associated altitude ranges (Tab. 3.2 called Hbase,sat, (World
Meteorological Organization, 2011)) to make them comparable with the ground observations.
Figure 3.4: Joint histograms showing the relationship between Hbase derived from satellite data (Hbase,sat)
and ground observations (Hbase,ground). a: the comparison is shown for all cloud base heights derived from
both CALIPSO and CloudSat measurements without any data filtering. b shows the comparison if only liquid
water clouds are considered derived from not completely attenuated CALIPSO signals. The black lines show
the mean value and the red lines present the 1:1 slope.
Case (a) Case (b)
slope 0.059± 0.006 0.148± 0.014
intercept 5.99 4.56
correlation coefficient 0.006 0.135
data points 24662 5649
RMSE 2.11 1.95
Table 3.3: Statistical values for evaluation of retrieved Hbase
In Fig. 3.4 the comparison between cloud base height derived from CloudSat/CALIPSO mea-
surements and ground observations is shown for all cloud base heights detected from both
CALIPSO and CloudSat measurements without any data filtering (case (a)) and only con-
sidering liquid water clouds derived from not completely attenuated CALIPSO signals (case
(b)). The comparison is presented as joint histogram showing the number of data points in
each altitude range for both satellite derived cloud base height Hbase,sat and ground observed
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cloud base height Hbase,ground. Differences can be explained by the vertical resolution of
the satellite measurements, the horizontal and time resolution chosen for collocating ground
observations and satellite overflight, transferring the sealevel derived cloud base height into
Hbase,sat over ground and of course the different derivations of both cloud base heights (satel-
lite measurement vs. ground observation by human observer).
The statistical values of the linear regression between Hbase,sat and Hbase,ground are presented
in Tab. 3.3. A clear improvement can be obtained by filtering the clouds (case (b)) com-
pared to unfiltered clouds (case (a)). The latter show almost no correlation with a very low
correlation coefficient and slope. Both increase clearly by filtering the clouds even if the
values remain relatively low. However these statistics are difficult to interpret because only
the cloud codes of the respective Hbase can be compared representing altitude ranges with
different resolutions. Therefore a detailed analysis is discussed hereafter.
1. Case (a): Comparison Hbase,ground with unfiltered Hbase,sat
Most of the Hbase,ground are reported in the altitude ranges between 300 m and 1500 m
(70.8%) and also in the altitude range larger than 2500 m including 15.9% of all data
points. Only 7.5% of Hbase,ground occur below 300 m. Also only a small amount of 5.1%
of Hbase,sat can be found in altitudes lower than 300 m whereas almost one third (32.7%)
are measured in altitudes larger than 2500 m. 47% of Hbase,sat can be assigned to the
altitude range between 300 m and 1500 m where 70.8% of the ground observations are
contained. Apparently the satellite measured Hbase,sat tends to overestimate the ground
observed Hbase,ground. The analysis shows an underestimation of Hbase,sat compared to
Hbase,ground in 23.2% of all cases whereas 59.8% of the cloud base heights are overes-
timated by satellite measurements. An agreement meaning the same synoptic code of
Hbase,sat and Hbase,ground can be found in 17% of all cases. Considering the cases where
Hbase,ground and Hbase,sat differ only one altitude range from each other in 14.8%/9.8%
of all cases overestimates/underestimates Hbase,sat Hbase,ground only slightly (code figure
of Hbase,sat is one larger/smaller than code figure of Hbase,ground, Tab. 3.2) showing a
good agreement between satellite derived and ground observed cloud base height. For
this calculations the data points are neglected where both satellite measurements and
ground observations report a cloud base height larger than 2500 m because there is no
possibility for further distinction making a comparison impossible.
2. Case (b): Comparison Hbase,ground with Hbase,sat considering only liquid water
clouds derived from not completely attenuated CALIPSO signals
On the whole the satellite measurements show a wider spread than the ground obser-
vations. So 13.4% of Hbase,sat are measured in altitudes below 300 m, 60.6% range in
altitudes between 300 m and 1500 m and 26.0% of Hbase,sat are measured larger than
1500 m. In comparison with 84% also most of the Hbase,ground observations can be found
in altitude range between 300 m and 1500 m whereas only 5.7% of Hbase,ground are ob-
served below 300 m and 10.3% are observed above 1500 m. However cloud base heights
larger than 2500 m are mostly filtered out for liquid water clouds so only 4.8% of all
data points are assigned to Hbase,ground > 2500 m. This also applies for the satellite
derived cloud base heights where only 4.6% of the Hbase,sat measurements are heights
larger than 2500 m. In general Hbase,sat underestimates Hbase,ground in 31.1% of all
cases and overestimates Hbase,ground in 44.8% of all cases. An agreement of Hbase,sat
and Hbase,ground can be found in 24.1% of all cases. So the percentage of overestimation
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Hbase,sat compared to Hbase,ground is decreased and the percentage of underestimation
and agreement is increased compared to case (a). Following the calculations for case (a)
a slight overestimation/underestimation of Hbase,sat in comparison to Hbase,ground can be
found in 21.8%/14.3% of all cases. As mentioned in the description of case (a) for this
analysis the data points where both satellite measurements and ground observations
report a cloud base height larger than 2500 m are neglected.
The filtering of the satellite data for liquid water clouds and cloud base heights derived from
CALIPSO signals only leads to a loss of 8.2% of all cloud base heights of the CCCM data
considering only daytime data. This is a reasonable amount of data points to get an improve-
ment in the agreement of satellite measured Hbase,sat and ground observed Hbase,ground. So
for case (a) an agreement between both cloud base heights can be found in 17% of all cases
excluding and in 41.8% of all cases including cloud base heights differing only one altitude
range from each other. For case (b) the percentages in agreement increase to 24.1% excluding
and even 60.2% including cloud base heights differing only one altitude range from each other.
All studies and investigations of this thesis are based on the described data. The
cloud base heights and cloud top heights derived from CALIPSO measurements as well as
the precipitation occurance derived from CloudSat and the relative humidity above cloud
top calculated with parameters dervied from MODIS and CALIPSO are used to classify
clouds at clouds scale (4). All sensitivity studies of adjustments to aerosol-cloud interactions
(5) are investigated using parameters derived from MODIS and CALIPSO measurements.
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4.1 New liquid water cloud regimes at cloud scale
Different cloud types can be defined using the atmosphere’s dynamical state resulting in
dynamical cloud regimes, or else defined using cloud parameters themselves, or a mix of
both. The definition of cloud regimes using dynamical categories is often based on large scale
vertical velocity derived from meteorological model reanalysis (e. g., Norris and Weaver, 2001;
Bony et al., 2004). Also the Lower-Tropospheric Stability (LTS) (Klein and Hartmann, 1993)
or, alternatively, the Estimated Inversion Strength (EIS) (Wood and Bretherton, 2006) have
been used to characterize low-level clouds. Some studies have used a combination of mid-
tropospheric vertical velocity and LTS/EIS (Su et al., 2010; Medeiros and Stevens, 2011).
However, these approaches seem useful at monthly timescales, but imperfect to attribute
individual cloud systems to a certain regime (Nam and Quaas, 2013).
Tselioudis et al. (2000) use the sea level pressure to define three different dynamical cloud
types in the northern mid-latitudes whereas Ringer and Allan (2004) combine sea surface
temperature and the pressure vertical velocity at 500 hPa. The International Satellite Cloud
Climatology Project (ISCCP) cloud classification uses τc and cloud top pressure ptop to
separate 49 or, in a simplified version, nine cloud types (Rossow and Schiffer, 1999). By
applying a clustering algorithm to these ISCCP cloud classes, Jakob et al. (2005) defined
four cloud regimes in the tropical western Pacific using τc, ptop and the total cloud cover Ftot.
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Extending and simplifying this approach for climate model evaluation, Williams and Webb
(2008) selected different cloud regimes in particular geographical regions using cloud albedo,
ptop and Ftot.
To study aerosol-cloud interactions Stevens and Feingold (2009) suggested that it is necessary
to do so for individual cloud regimes. However, a dynamical regime definition is hampered
by the problem of a rather coarse resolution (currently 50 km to 100 km) of the reanalysis
data and the problem that dynamical cloud regimes are not able to separate clouds at the
scale of individual clouds (Nam and Quaas, 2013).
In this chapter a new cloud classification at cloud scale using the cloud base height indicating
meteorological conditions and the cloud top variability as an inhomogeneity parameter is
presented. For further studies on adjustments of aerosol-cloud interactions also the occurrence
of precipitation for the individual cloud types and the free tropospheric relative humidity
above cloud top is used for additional separations of the individual cloud classes.
4.1.1 Cloud base height over ground
The first cloud parameter used for the cloud regime definition is cloud base height over ground
Hbase (Chap. 3.2.1 and 3.2) indicating different synoptic conditions (e.g., Costa-Surós et al.,
2013; Sharma et al., 2016) and geographical differences. Therefore it is a useful parameter to
distinguish between more and less convective clouds, rather maritime and rather continental
clouds and between different geographical regions. Multilayer clouds are considered in the
cloud classification process so Hbase of a multilayer clouds is defined as the lowest Hbase in
this cloud group as described in Chap. 3.2.1.
Hbase used for cloud classification is averaged over a CERES FP using Eq. 3.2 where X (i, j)
can be replaced by all remaining Hbase after the preparing and filtering process resulting in
one mean cloud base height over ground Hbase per FP available for cloud class separation. In
Fig. 4.1 the global distribution of the averaged Hbase of the four completely available years
of CCCM data from 2007 to 2010 is shown on a 1° × 1° grid. One can see a clear contrast
between land and ocean and between higher and lower latitudes. The lowest Hbase are located
over the ocean in the storm track regions in mid-latitudes whereas the highest Hbase can be
found over land for example over the Amazon rain forest or Australia.
To separate different cloud base height classes the PDF of Hbase shown in Fig. 4.2 is used.
The red line indicates the median at about 653 m. The blue lines specify the borders of the
cloud base height classes where the values are chosen as roughly median ± 300 m so three
different cloud base height classes can be distinguished:
1. Hbase (i) ≤ 350 m: in the following referred to CBlow (Cloud Base Class of low cloud
base heights)
2. 350 m < Hbase (i) ≤ 950 m: in the following referred to CBmiddle (Cloud Base Class of
middle cloud base heights)
3. Hbase (i) > 950 m: in the following referred to CBhigh (Cloud Base Class of high cloud
base heights)
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Figure 4.1: Averaged cloud base height derived from daily CALIPSO measurements from 2007 to 2010 on a
1° × 1° grid used to classify three different cloud base classes
Figure 4.2: PDF of cloud base height over ground Hbase derived from daily CALIPSO measurements from
2007 to 2010 on the spatial scale of CERES FPs used to classify cloud base classes. The red line indicates the
median of the PDF and the two blue lines represent the borders of the cloud base classes separating the entire
dataset approximately into terciles.
With 23.2% CBlow contributes the smallest amount of all cloud base classes whereas the
largest amount of all clouds belongs to CBmiddle with 44.7%. More than two thirds (70.8%)
of the continental clouds are assigned to CBhigh whereas CBmiddle primarily occur in the
tropics representing with 47.6% the major part of clouds between 30°N and 30°S. The most
frequent cloud type in the mid-latitudes is CBlow. Almost half of the clouds (49.8%) in
latitudes larger than 40°N and 40°S are included in this category.
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4.1.2 Inhomogeneity
Only using Hbase one cannot distinguish between cumuliform and stratiform clouds. To
this end, an inhomogeneity parameter is defined here, where more homogeneous clouds are
considered stratiform, while more inhomogeneous clouds are characterized as cumuliform.
The spatial variance of τc is an often used parameter to describe the inhomogeneity of a
cloud or cloud field and separate clouds into homogeneous and inhomogeneous clouds (e.g.,
Cahalan et al., 1994). The ISCCP cloud classification uses τc itself to classify stratiform
and cumuliform clouds where the higher τc is the more stratiform is the cloud or cloud field
according to their regime assignment (Rossow and Schiffer, 1999). Other cloud classifications
use parameters related to τc separating homogeneous and inhomogeneous clouds, e.g. cloud
albedo (Williams and Webb, 2008) and the cloud inhomogeneity parameter derived from
MODIS measurements (Oreopoulos and Cahalan, 2005). However these approaches are not
useful to analyze how cloud fraction and cloud albedo co-vary with the aerosol or investigate
the relationship of cloud properties derived using τc since these quantities are fixed by the
clustering method.
In this section a new cloud inhomogeneity parameter based on the cloud top variability
to divide the filtered clouds into homogeneous (more stratiform) and inhomogeneous (more
cumuliform) clouds is presented. The used Htop is derived similar to Hbase from CALIOP
measurements. Since multilayer clouds are considered, Htop of a multilayer clouds is defined
as the largest Htop in this CG (Chap. 3.2.1).
The computation of the cloud top variability schematically shown in Fig. 4.3 is a three-step
process described in the following.
1. Step: First the cloud top variability in FP i, VHtop1, defined here as the deviation of the
cloud top heights of all considered CGs j in FP i Htop (i, j) from the mean cloud top
height in FP i Htop (i) (computed with Eq. 3.2) weighted with their respective cloud









· F (i, j)
Fges (i)
(4.1)
using the total cloud fraction in FP i Fges (i) computed with Eq. 3.3.
2. Step: Because of the filtering criteria CERES FPs can contain only one usable GC (see
Fig. 4.3 FP i+ 1) and therefore VHtop1 = 0. So it is impossible to assign such FPs to an
inhomogeneity cloud class. Thus a second step is required to get two additional cloud
top variabilities VHtop2 and VHtop3. The calculation is equivalent to Eq. 4.1 but using
the mean cloud top heights in FP i− 1 Htop (i− 1) and in FP i+ 1 Htop (i+ 1) of the
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3. Step: In the last step a mean cloud top variability for separating homogeneous and
inhomogeneous clouds is calculated using the cloud top variabilities computed in the
first two steps
VHtop (i) =
VHtop1 (i) · Fges (i) + VHtop2 (i) · Fges (i− 1) + VHtop3 (i) · Fges (i+ 1)
Fges (i) + Fges (i− 1) + Fges (i+ 1)
(4.4)
.
Figure 4.3: Schematic description of the calculation of cloud top variability. Every calculation step needs
three FPs, FP i and its adjacent FPs i + 1 and i − 1. The circles (red: considered FP, gray: adjacent FPs)
represent the cloud top heights Htop of the particular CG j in the respective FP i. The horizontal green lines
indicate Htop, the average cloud top height derived from Htop of all CGs weighted with their respective cloud
fraction per CG. FP i shows a high cloud top variability whereas FP i− 1 shows a low cloud top variability.
In FP i+ 1 only one cloud top height is available so Htop = Htop.
In Fig. 4.4 the global distribution of the mean cloud top variability from 2007 to 2010 is
shown. No clear land-ocean contrast can be found but it is characterized mainly by a latitude
dependent gradient where the highest values of cloud top variability can be found in the
tropics between 30°S and 30°N in the shallow cumulus regions and along the ITCZ. In higher
latitudes between 30°S and 60°S as well as 30°N and 60°N the mean cloud top variability
decreases apparently compared to the tropical regions. An exception are the stratocumulus
decks West South Africa, South America and North America where the smallest mean cloud
top variabilities can be found indicating predominantly stratiform clouds in these regions.
Summarizing, the highest cloud top variabilities occur in regions where cumuliform clouds
dominate whereas the smallest cloud top variabilities can be found for stratiform clouds.
Therefore the variability of the cloud top height is a useful parameter to distinguish between
stratiform and cumuliform liquid water clouds.
The PDF of the cloud top variability shown in Fig. 4.5 is used to make this classification
where the median at about 11% differentiates the more stratiform (homogeneous) clouds
from more cumuliform (inhomogeneous) clouds creating two inhomogeneity cloud classes.
1. VHtop (i) ≤ 11%: following referred as homogeneous clouds
2. VHtop (i) > 11%: following referred as inhomogeneous clouds
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Figure 4.4: Averaged cloud top variability derived from daily CALIPSO measurements from 2007 to 2010
on a 1° × 1° grid used to distinguish between homogeneous and inhomogeneous clouds
Figure 4.5: PDF of the cloud top height variability VHtop derived from daily CALIPSO measurements from
2007 to 2010 on the spatial scale of CERES FPs. The red line shows the median used to distinguish between
homogeneous and inhomogeneous clouds.
4.2 Analysis new liquid water cloud regimes at cloud scale
Merging the three cloud base classes and two inhomogeneity cloud classes together results in
six liquid water cloud types. The global distributions of Relative Frequency of Occurences
(RFO)s of these cloud classes as well as the total RFOs of the particular cloud classes are
presented in Fig. 4.6. The cloud type inhomogeneous clouds in CBmiddle is found most frequent
of all cloud types constituting about a quarter (26.97% on global average, see Fig. 4.6) of all
clouds remaining after the filtering. The fewest clouds are assigned to homogeneous clouds
in CBlow with a RFO of only 8.51%. In CBhigh slightly more homogeneous clouds than
inhomogeneous are found in contrast to the other two cloud base classes where the total RFO
of inhomogeneous clouds is higher than the RFO of homogeneous clouds.
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Figure 4.6: Global distribution of RFOs of the liquid cloud classes separated by Hbase and cloud inhomo-
geneity according to their cloud top height spatial variability. The total RFOs of the particular cloud classes
are shown in %. Homogeneous clouds are presented in the left column and the inhomogeneous clouds in the
right column. From the upper to the lower row the cloud base classes are shown sorted by increasing Hbase so
the top row is assigned to CBlow, the middle row to CBmiddle and the bottom row to CBhigh.
Most of the liquid water clouds with low Hbase are located over the ocean in the storm track
regions in mid-latitudes between 40°S/N and 60°S/N (cf. Chap. 4.1.1). This can be explained
with the decreasing Hbase with increasing latitudes so polewards generally lower Hbase can be
found compared to the tropics. Only a small amount of the CBlow occur in lower latitudes
including tropical regions whereas almost no clouds with low Hbase can be found over land.
Homogeneous clouds in CBlow concentrate in mid-latitudes especially in the southern hemi-
sphere and in narrow coastal stripes West of North and South America and North and South
Africa indicating parts of the typical stratocumulus clouds in these regions with very low
Hbase. The inhomogeneous clouds in this cloud base class occur mainly in the mid-latitudes
in both hemispheres though a small amount can be found in tropical regions especially along
the ITCZ in the East Pacific.
Almost all clouds in CBmiddle are marine clouds located over the oceans in lower latitudes.
Especially in the tropics along the ITCZ in the Indian ocean and in the West Pacific this
cloud class becomes more frequent. Similar to clouds in CBlow only a very small amount
of clouds assigned to CBmiddle occur over land. Merely 4.7% of these clouds can be found
over land and the remaining 95.3% over ocean. A clear difference between homogeneous and
inhomogeneous clouds is obtained. The former indicate marine stratocumulus clouds and
occur over the entire oceanic regions between 40°S and 40°N but most frequently downwind
of the major continents in the common stratocumulus decks West South and North America
as well as South and North Africa. Inhomogeneous clouds in these cloud base class extend
in low latitudes around the entire globe leaving out the stratocumulus decks and concentrate
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mainly in shallow cumulus regions and along the ITCZ.
In contrast to the cloud base classes of lower Hbase a significant amount of clouds in CBhigh
occur over land (24.6%). Here attention should be paid to the not uniform land-ocean distri-
bution of the earths surface so it is not surprising also a non-negligible amount can be found
over the ocean especially in low latitudes between 30°S and 30°N. Only in higher latitudes
over the ocean and in the stratocumulus regions in the East Pacific and East Atlantic almost
no clouds with Hbase > 950 m can be found. A significant amount of homogeneous clouds
in this cloud base class are located over land with maxima over South Africa, Australia and
North West Asia. Over the ocean they cover two bands in both hemispheres at around 30°
leaving out roughly the areas covered by the inhomogeneous clouds in CBmiddle. The inho-
mogeneous clouds in CBhigh occur also over land with maxima over rain forest regions in
South America and middle Africa. Over ocean these clouds can be found equally distributed
to inhomogeneous clouds in low latitudes except in the stratocumulus decks.
Summarizing one can say the predominant amount of clouds in CBlow (95.1%) and CBmiddle
(95.3%) can be assigned to marine clouds. The former occur mainly in mid-latitudes whereas
the latter are distributed in lower latitudes especially in the tropics over the ocean. Clouds
assigned to CBhigh can be found much more often over land than clouds with lower Hbase
(70.8% of all clouds over land are assigned to CBhigh) but they also occur in marine regions
in lower latitudes over ocean in shallow cumulus regions. Therefore they can termed as more
convective rather continental clouds.
4.2.1 Cloud microphysical and macrophysical properties
In the following section the microphysical cloud properties adiabatic cloud droplet number
concentration Nc,ad and reff at cloud top as well as the macrophysical cloud properties cloud
geometrical thickness Hthick,CC, adiabatic liquid water path Lad and τc of the six liquid cloud
classes at cloud scale described in Chap. 4.1 are presented and discussed. The statistics are
based on the 4 year time series CCCM dataset from 2007 to 2010. All following figures showing
PDFs of the analyzed cloud parameter and tables showing the respective average and median
values are presented in the same principle. The PDFs of one cloud parameter of all cloud
classes are summarized in one plot where the particular cloud classes will be delineated by
following colors: light green (homogeneous CBlow), dark green (inhomogeneous CBlow), red
(homogeneous CBmiddle), purple (inhomogeneous CBmiddle), light blue (homogeneous CBhigh)
and dark blue (inhomogeneous CBhigh). The average (median) values are stated in blue (red)
in the tables.
4.2.1.1 Cloud droplet number concentration
The satellite derived adiabatic cloud droplet number concentration Nc,ad can be calculated






where τc and reff are derived from MODIS measurements. α includes the density of water ρw
and depends on the scattering efficiency, the cube of ratio of the mean volume radius to cloud
top effective radius, and the adiabatic condensation rate (Grosvenor and Wood, 2014). In
this study it is assumed as a constant value 1.37× 10−5 m−0.5 (Quaas et al., 2006; Brenguier
4.2. Analysis new liquid water cloud regimes at cloud scale 37
et al., 2000).
Figure 4.7: PDFs of Nc,ad of the liquid cloud classes at cloud scale.
Cloud Classes CBlow CBmiddle CBhigh
Homogeneous 72.5 cm−3 47.9 cm−3 89.8 cm−3
36.5 cm−3 28.5 cm−3 52.6 cm−3
Inhomogeneous 51.8 cm−3 33.2 cm−3 71.8 cm−3
27.2 cm−3 21.3 cm−3 41.5 cm−3
Table 4.1: Average (blue) and median (red) values of Nc,ad of particular cloud classes derived from their
PDFs (Fig. 4.7).
In good agreement to other studies (e. g., Zeng et al., 2014; Hu et al., 2007; Han et al.,
1998) the highest average Nc,ad can be found for the more continental clouds in CBhigh
and for homogeneous clouds in CBlow including mostly clouds in the storm track regions
and also a small amount mainly coastal clouds in lower latitudes. Over land a higher aerosol
concentration may lead to more CCNs and therefore to an increased Nc. Assuming a constant
liquid water path the higher Nc results in a smaller average reff (cf. Fig. 4.8 and Tab. 4.2)
known as the Twomey effect ((Twomey, 1974, 1977), described in Chap. 2.2.1) and can explain
the high average Nc,ad in CBhigh and the significantly lower values of the predominantly
marine clouds in CBmiddle. The remaining PDFs show a weaker peak at smaller Nc,ad for
clouds in CBhigh and homogeneous clouds in CBlow compared to clouds in CBmiddle and
inhomogeneous clouds in CBlow showing a strong peak at small Nc,ad where the strongest
peak can be assigned to inhomogeneous cloud in CBmiddle exhibiting also the smallest average
and the smallest median of Nc,ad of all cloud classes (cf. Fi. 4.7 and Tab. 4.1). As suggested
by Han et al. (1998) and co investigated by Meskhidze and Nenes (2006) an enhanced Nc,ad
in the southern ocean can caused by secondary organic aerosol formed from the oxidation of
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phytoplankton affecting marine CCNs.
It should also be noted that in all cloud base classes the average Nc,ad values of homogeneous
clouds are significantly higher than the average Nc,ad of comparable inhomogeneous clouds in
the same cloud base class (cf. Tab. 4.1) showing the relation to reff where the average values
are found to be higher for inhomogeneous clouds compared to homogeneous clouds in the
same cloud base class (discussed in Sec. 4.2.1.2). This could be due to retrieval problems for
reff in the heterogeneous clouds. As another hypothesis explaining this finding, the decreased
Nc,ad can also be caused by drizzle formation occurring more often in rather convective
(inhomogeneous) clouds. In addition the entrainment of unsaturated air can reduce the
number of activating CCN and therefore Nc,ad.
4.2.1.2 Effective radius
Fig. 4.8 shows the PDFs of reff at cloud top derived from MODIS measurements of the
particular liquid cloud types at cloud scale. One can see clearly different distributions of
reff of all cloud classes. The PDFs of all homogeneous clouds are more shifted towards
smaller values than the comparable inhomogeneous clouds in the same cloud base class. In
addition they are more positively skewed, which is also demonstrated by the larger difference
between the median and the average value (Tab. 4.2). This results in smaller average reff for
homogeneous clouds than for inhomogeneous clouds in all cloud base classes. The explanation
could be a limitation in vertical growing by the nature of rather stratiform clouds. Since reff
increases within a cloud from base to top the deeper vertical growing of inhomogeneous clouds
compared to homogeneous clouds causes therefore an increased reff at cloud top. Looking at
the different cloud base classes, as expected, the average reff is smaller in the more continental
CBhigh and higher in the predominantly marine CBlow and CBmiddle for both homogeneous
and inhomogeneous clouds. This might be explained by an enhanced aerosol concentration
over land where a significant amount of cloud in CBhigh can be found causing an increased
Nc and smaller cloud droplets (Twomey, 1974).
Figure 4.8: PDFs of reff of the liquid cloud classes at cloud scale.
Therefore in good agreement with established hypotheses the smallest average values of reff
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can be found for homogeneous CBhigh with reff = 12.6 µm indicating stratiform rather non
precipitating continental clouds (only approximately 19% of of homogeneous clouds in CBhigh
drizzle or rain). In contrast, the largest average reff with 16.4 µm of inhomogeneous clouds in
CBmiddle can be assigned to marine cumuliform clouds. These clouds occur in pristine areas
over the ocean where a smaller aerosol concentration may lead to an increased reff compared
to clouds over land or in polluted areas. In addition, these inhomogeneous clouds can grow
deeper leading to an enhanced reff at cloud top.
Cloud Classes CBlow CBmiddle CBhigh
Homogeneous 14.0 µm 14.6 µm 12.6 µm
13.0 µm 13.7 µm 11.8 µm
Inhomogeneous 15.4 µm 16.4 µm 14.1 µm
14.8 µm 16.1 µm 13.7 µm
Table 4.2: Average (blue) and median (red) values of reff of particular cloud classes derived from their PDFs
(Fig. 4.8).
4.2.1.3 Cloud geometrical thickness
The cloud geometrical thickness Hthick,CC can be computed using Hbase and Htop derived
from combined CloudSat/CALIPSO measurements (Chap. 3.2.1 and 3.2)
Hthick,CC = Htop −Hbase. (4.6)
In Fig. 4.9 the PDFs of Hthick,CC derived from CloudSat/CALIPSO measurements are illus-
trated and the respective average and median values are given in Tab. 4.3. Considering the
mean and median values in Tab. 4.3, CBlow differs clearly from the other two cloud base
classes. On the one hand the largest average values of Hthick,CC can be found in the CBlow
for both homogeneous and inhomogeneous clouds caused by the low Hbase allowing clouds
to grow deeper before reaching the freezing level (note again that clouds reaching higher
than 0◦C are discarded from this study). On the other hand in CBlow the homogeneous
clouds are thicker on average than the inhomogeneous clouds even though the difference is
merely about 50 m in contrast to CBmiddle and CBhigh where homogeneous clouds on aver-
age are significantly thinner than inhomogeneous clouds in the same cloud base class. In
both higher cloud base classes CBmiddle and CBhigh the on average larger thicknesses of the
inhomogeneous clouds are possibly induced by more convective conditions leading to rather
cumuliform clouds able to develop into thicker clouds naturally than the often vertically
limited more stratiform clouds. Here it is worth mentioning that the average Hthick,CC of ho-
mogeneous clouds in CBmiddle (500 m) is very close to the average Hthick,CC of homogeneous
clouds in CBhigh (503 m) (Tab. 4.3) also visible in similar PDF curves with a strong peak at
smaller thicknesses (red and light blue curve in Fig. 4.9). In contrast, the average Hthick,CC
of inhomogeneous clouds in both higher cloud base classes differ significantly from each other
where inhomogeneous clouds in CBmiddle show a smaller average Hthick,CC than in CBhigh.
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Figure 4.9: PDFs of Hthick,CC of the cloud classes at cloud scale.
Cloud Classes CBlow CBmiddle CBhigh
Homogeneous 829 m 500 m 503 m
580 m 390 m 396 m
Inhomogeneous 779 m 651 m 699 m
567 m 494 m 527 m
Table 4.3: Average (blue) and median (red) values of Hthick,CC of particular cloud classes derived from their
PDFs (Fig. 4.9).
4.2.1.4 Liquid water path
The adiabatic liquid water path, Lad, can be computed using the satellite derived reff and τc
and the density of liquid water ρw applying Eq. 2.26 (Wood and Hartmann, 2006; Painemal
and Zuidema, 2011) (cf. Chap 2.1.1.3). In Fig. 4.10 the PDFs of Lad are shown and indicate
clear differences between the particular liquid cloud classes. Basically all homogeneous
clouds show a stronger peak at smaller Lad than comparable inhomogeneous clouds in the
same cloud base class resulting in a lower average value of Lad of homogeneous clouds than
inhomogeneous clouds in all cloud base classes where the absolute difference between average
Lad of homogeneous and inhomogeneous clouds increases with increasing Hbase (Tab. 4.4).
This may be explained by the limited vertical grow of stratiform clouds. Inhomogeneous
clouds can develop into deeper and thicker clouds (Chap. 4.2.1.3) and therefore contain
more liquid water. Comparing the different cloud base classes, the average Lad is smallest in
CBmiddle and highest in CBhigh for both homogeneous and inhomogeneous clouds, although
the average Lad in homogeneous CBhigh is similar to average Lad of homogeneous clouds in
CBlow (Tab. 4.4). In principle a higher aerosol concentration can lead to a decreased reff
and an increased Nc so polluted clouds can grow to higher altitudes before precipitation is
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initiated (Chap. 2.1.1.2, (Freud and Rosenfeld, 2012; Andreae et al., 2004)). This concept
of suppressed drizzle and therefore increased Lad (Albrecht, 1989) could explain the higher
average values of Lad in CBhigh containing more clouds influenced by an enhanced aerosol
concentration compared to clouds pristine regions over the ocean represented by the cloud
base class CBmiddle where a lower aerosol concentration exists. Another indication that
polluted clouds contain more liquid water and have therefore larger Lad is provided by the
fact that the average Hthick,CC in CBlow is highest compared with the other two cloud base
classes (Chap. 4.2.1.3, Fig. 4.9 and Tab. 4.3) but the average Lad has its maximum for
more polluted clouds in CBhigh. In the pristine marine clouds of CBlow and CBmiddle the
cloud droplets might coalesce into rain droplets faster and therefore maritime clouds start to
rain earlier than continental clouds loosing part of their liquid water resulting in the lowest
average Lad in CBmiddle.
Figure 4.10: PDFs of Lad of the liquid cloud classes at cloud scale.
Cloud Classes CBlow CBmiddle CBhigh
Homogeneous 30.4 g m−2 24.0 g m−2 33.0 g m−2
17.6 g m−2 13.9 g m−2 21.4 g m−2
Inhomogeneous 34.7 g m−2 32.2 g m−2 45.4 g m−2
20.2 g m−2 18.7 g m−2 28.4 g m−2
Table 4.4: Average (blue) and median (red) values of Lad of particular cloud classes derived from their PDFs
(Fig. 4.10).
As expected therefore the highest average Lad can be found for inhomogeneous clouds in
CBhigh indicating more convective rather polluted clouds and containing a significant amount
of clouds over land and the smallest value is assigned to homogeneous clouds in CBmiddle
occurring mostly in pristine marine areas and limited in vertical growing. It is also interesting
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to note here that the average reff of these two cloud classes where the average Lad has its
extrema has almost the same value (Fig. 4.8) whereas the average value of τc has its extrema
in the same cloud classes (Chap. 4.2.1.5, Fig. 4.11). This suggests at cloud scale τc influences
the adiabatic Lad more than reff when deriving Lad from satellite data using Eq. 2.26.
4.2.1.5 Cloud optical thickness
The last cloud parameter discussed here for the individual cloud regimes is τc. In Fig. 4.11
the PDFs of τc of all liquid cloud classes are shown. As expected, τc is larger for geometrically
thicker clouds than for geometrically thinner clouds with similar microphysical cloud proper-
ties. Because the geometrical thickness was derived from CloudSat/CALIPSO measurements
and is thus an independent retrieval this assumption can be investigated comparing Tab. 4.5
and 4.3. The relatively high values of average τc for both homogeneous and inhomogeneous
clouds in CBlow where mean Hthick,CC is highest of all cloud base classes support this presump-
tion. Also the smallest average Hthick,CC for homogeneous clouds in CBmiddle fits together
with the minimum τc in the same cloud class (compare tabs. 4.5 and 4.3) also visible in
the strong peak of the respective PDF at very small τc (red curve in Fig. 4.11) showing the
importance of cloud vertical extent on τc. However, the almost identical average Hthick,CC
of homogeneous clouds in CBhigh doesn’t result in a comparable low average τc but quite
in contrast is related to the second largest τc of all cloud classes indicating the relevance of
other cloud parameter than Hthick,CC. Here reff plays an important role having its minimum
in these cloud class. Since τc is inversely related to reff the smaller cloud droplets cause a
high average τc (Kubar et al., 2009). The highest mean value of τc can be found inhomoge-
neous clouds in CBhigh containing a significant amount of clouds over land and not in CBlow
where Hthick,CC has their maxima. This shows the influence of the liquid water content and
related Lad on τc. As discussed in Sec.4.2.1.4, marine clouds in CBlow can form precipitation
more efficiently because of their larger cloud droplets compared to more continental clouds
in CBhigh with smaller reff (cf. Tab. 4.2) reducing Lad. The decreased Lad in CBlow causes
a decreasing in τc and the maximum average τc don’t coincide with the maximum Hthick,CC
but is related to inhomogeneous clouds in CBhigh where several effects come together. The
reduced reff increases cloud albedo (Twomey, 1974) in addition to a high average Hthick,CC.
These results are in good agreement with Zeng et al. (2012) who found the highest τc of liquid
water clouds over land (comparable with clouds in CBhigh) and in the storm track regions
over ocean (comparable with clouds in CBlow).
Cloud Classes CBlow CBmiddle CBhigh
Homogeneous 4.06 3.05 4.73
2.55 1.78 3.33
Inhomogeneous 4.18 3.60 5.81
2.50 2.06 3.96
Table 4.5: Average (blue) and median (red) values of τc of particular cloud classes derived from their PDFs
(Fig. 4.11).
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Figure 4.11: PDFs of τc of the liquid cloud classes at cloud scale.
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4.3 Cloud parameters to separate clouds used for investiga-
tion of adjustments to aerosol-cloud interactions
4.3.1 Precipitation
(a) RFO non precipitating clouds
(b) RFO precipitating clouds
Figure 4.12: RFO of all single layer liquid water clouds on a 1° × 1° grid split into non precipitating clouds
(4.12(a)) and precipitating clouds (4.12(b)) using the Cloudsat precipitation flag.
To investigate adjustments to aerosol-cloud interactions it is also useful to distinguish between
different precipitation scenarios. Using the CloudSat precipitation flag (cf. Chap. 3.2.1) the
clouds can be separated into non precipitating clouds (CloudSat precipitation flag = 0) and
precipitating clouds, the latter including only liquid precipitation (CloudSat precipitation
flag = 1) and possible drizzle (CloudSat precipitation flag = 3). In Fig. 4.12 the RFO of
precipitating and non precipitating clouds are shown. After the filtering in 82.6% of all
cases non precipitating clouds are found and merely 17.4% of the clouds drizzle or rain in
high agreement with Chen et al. (2014). Because only liquid water clouds are considered
almost no precipitating clouds occur over land (cf. Fig 4.12(a)) which is also reported in
Mülmenstädt et al. (2015). Fig. 4.12(b) shows that most of the precipitating liquid water
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clouds can be found in tropical and subtropical subsidence regions outside the ITCZ over the
oceans in good agreement with (Lebsock and L’Ecuyer, 2011; Lau and Wu, 2011).
4.3.2 Relative humidity above cloud top
Another parameter used to define cloud regimes at cloud scale is the relative humidity above
cloud top qrh,top, an important parameter to investigate adjustments to aerosol-cloud interac-
tions especially in investigating the cloud water response to an enhanced droplet concentration
((e. g., Ackerman et al., 2004; Sandu et al., 2008), cf. also Chap. 2.2.2). It is not included in
the CCCM dataset but can be derived from the





as the ratio between the water vapor pressure e and the saturation water vapor pressure esat.
To derive qrh at cloud top the water vapor pressure at cloud top etop as well as the saturation
water vapor pressure at cloud top esat,top is required.


















where e represents the water vapor pressure, Rl the specific gas constant for dry air, Rv
the specific gas constant for water vapor and p the pressure. Transposing Eq. 4.9 and using





where the cloud top pressure ptop and the water vapor mixing ratio at cloud top rv,top is
needed both derived from reanalysis data and Htop from CloudSat/CALIPSO measurements
available in the CCCM dataset as described in 3.2.1.
The required esat,top is only a function of the cloud top temperature Ttop and can be derived







which leads to the saturation vapor pressure esat








with the saturation water vapor pressure at T = 273.15 K esat,0, temperature T , freezing
point of pure water T0 = 273.15 K and the latent heat of evaporation of pure water Lv. To
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calculate esat,top Eq. 4.12 is applied to cloud top













Figure 4.13: Averaged relative humidity above cloud top on a 1° × 1° grid from 2007 to 2010 from the
reanalysis data available in the CCCM dataset and cloud top height for liquid-water clouds inferred from
CALIPSO.
In Fig. 4.13 the mean global distribution of qrh,top from 2007 to 2010 is shown. Well visible are
the relatively dry stratocumulus regions West of South America, North America and South
Africa and in the region of the Arabian Peninsula in contrast to the humid tropical region
especially along the tropical ITCZ. Also in the storm track regions in the mid-latitudes high
values of qrh,top can be found over the ocean.
Three different cases of relative humidity above cloud top are distinguished to classify the
cloud regimes:
1. qrh,top (i) < 40%
2. 40% ≤ qrh,top (i) < 80%
3. qrh,top (i) ≥ 80%
4.4 Summary and Conclusions
Six liquid water cloud classes were defined and analyzed separated with Hbase and VHtop as
an inhomogeneity parameter both derived from satellite measurements using the four years
of the CCCM dataset from 2007 to 2010. This new approach has advantages over previous
suggestions in the literature: In comparison to dynamical cloud regimes that require the
use of reanalysis data, the classification can be performed at the scale of individual cloud
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systems (here about 20 km horizontal resolution, instantaneous temporal resolution). Com-
pared to clustering approaches making use of cloud fraction, cloud optical depth, or related
parameters, this approach has the advantage that the regime definition allows to study co-
variation of cloud physical and optical properties with aerosol as it is largely independent of
the two parameters used to define the regimes. Based on these two parameters it is possible
to smoothly distinguish between more marine (clouds with low and middle Hbase) and rather
continental clouds (high Hbase) in different latitudes, avoiding the use of a static land-sea
mask, as well as between more stratiform (homogeneous) and more cumuliform respectively
convective (inhomogeneous) clouds.
In order to broadly assess the usefulness of the new cloud regime definition, the statistical
distribution of various cloud properties across the cloud classes was analyzed. As expected
the marine clouds in CBlow and CBmiddle show larger average cloud droplet radii at cloud top
than rather continental clouds in CBhigh possibly caused by an enhanced aerosol concentra-
tion over land leading to smaller reff and larger Nc,ad. The latter was also found for clouds
assigned to CBhigh whereas the smallest Nc,ad can be assigned marine clouds in CBmiddle.
The highest average Lad is found in CBhigh, coincident with to the smallest average reff and
highest Nc,ad. The tropical marine clouds in CBmiddle show the smallest average Lad coinci-
dent with the largest average reff and the smallest Nc,ad. The relatively high average Lad in
CBlow can be explained by the large Hthick,CC in this cloud base class where the clouds can
grow deeper before reaching the freezing level (no clouds higher than the freezing level are
considered in this study) compared to the other two cloud base classes and therefore contain
more liquid water. Closely linked to all other cloud parameters, τc shows the largest average
values in the CBhigh class, caused by high geometrical thickness, the highest Lad and the
smallest reff of all cloud base classes. In contrast the smallest average τc in CBmiddle results
from thinner clouds with low Lad and large reff .
Cloud properties differ not only for clouds in the particular cloud base classes but also clear
differences between homogeneous and inhomogeneous clouds are obtained. Often inhomoge-
neous clouds may grow deeper and develop to thicker clouds than the often more vertically-
limited homogeneous clouds. This results in larger Hthick,CC for homogeneous than for inho-
mogeneous clouds in CBmiddle and CBhigh. An exception here is CBlow where both homoge-
neous and inhomogeneous clouds have comparable Hthick,CC and homogeneous clouds are even
slightly thicker in average than inhomogeneous clouds. The mean reff of homogeneous clouds
in all cloud base classes is smaller than for inhomogeneous clouds in the same cloud base class
resulting from the larger vertical extent of inhomogeneous clouds because reff increases with
increasing altitude from cloud base. Related to reff , Nc,ad is higher for all homogeneous clouds
than for inhomogeneous clouds in the same cloud base class. Lad has higher average values
for inhomogeneous clouds than for homogeneous clouds in all cloud base classes. In CBmiddle
and CBhigh mean τc is larger for inhomogeneous clouds than for homogeneous clouds due to
the high average Lad and Hthick,CC. However in CBlow τc is almost equal for homogeneous
and inhomogeneous clouds reflecting the similar Hthick,CC in this cloud base class.
In total the liquid water cloud classes show clear differences of all analyzed cloud param-
eters and thus can be very useful investigating different behaviors in the climate system
like responses to aerosol perturbations and radiative forcing. To investigate adjustments to
aerosol-cloud interactions these cloud regimes were additionally separated for two individual
precipitation scenarios, non precipitating clouds and precipitating clouds the latter including
raining and possible drizzling clouds, as well as for three particular free tropospheric relative
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humidity above cloud top cases. The advantages of the additional separation are presented
in discussed in Chap. 5.
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The topic of this chapter is the investigation of adjustments to aerosol-cloud interactions.
Therefore first the theoretical approach and methods used for these investigations will be
introduced. Thereafter the sensitivity studies on the relationships of cloud liquid water path,
cloud thickness and cloud fraction with cloud droplet number concentration will be presented.
The influence of different cloud parameters and resulting differences for the individual cloud
regimes defined in Chap. 4 will be analyzed and discussed in detail. All studies are based on
the CCCM dataset 4 year time series from 2007 to 2010 (cf. Chap. 3.2).
5.1 Methodology and theoretical approach
Following Feingold et al. (2001) aerosol-cloud interactions can be described as the slope of





representing the sensitivity bx of cloud property x to cloud property y as a relative change.
Investigating the relative change is of advantage when using cloud parameters derived from
remote sensors as well as comparing different cloud types or different states in the atmosphere.
The subsequent derivations are based on explanations in Helsel and Hirsch (2002).
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contributing to the investigated data point population with n data points are computed.
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The y-intercept b0 computed with Eq. 5.9
b0 = y − bx (5.9)
is needed to derive the regression equation which can be expressed with Eq. 5.9
ŷi = b0 + bxi (5.10)
indicating the estimated y value ŷi at given xi.
To determine the strength of the linear correlation between x and y the correlation coefficient





varying in the interval [−1, 1]. rcor = −1 represents a perfectly negative correlation, rcor = 1
represents a perfectly positive correlation and rcor = 0 indicates no linear correlation between
x and y.
Another useful parameter helping to interpret the quality of the linear regression is the
standard deviation of the residuals called root mean square error sRMSE, a measure of the
typical spread of the data around the regression line estimating the deviation of the actual y
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(yi − ŷi)2 (5.12)
and can also be expressed with Eq. 5.13
sRMSE =
√
Vary − b · Covxy
n− 2
. (5.13)





For a perfect linear correlation (rcor = ±1) all points lie on the regression line and sRMSE = 0.
In this thesis the focus will be on analyzing cloud responses to perturbations in cloud
droplet number concentration. The investigated cloud properties are derived from satellite
data as included in the CCCM dataset (cf. Chap. 3). Therefore Eq. 4.5 is used to calculate
adiabatic cloud droplet number concentration Nc,ad as well as Eq. 2.26 for adiabatic liquid
water path Lad, Eq. 4.6 for geometrical cloud thickness Hthick,CC and Eq. 3.3 for the total
cloud fraction Fges. Replacing y with lnNc,ad and x with lnLad in Eq. 5.1 leads to the liquid















can be derived using Eq. 5.1.
For better comparison of the individual cloud regimes the spread of the correlations sspread
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5.2 Relationship of liquid water path and geometrical thick-
ness with cloud droplet number concentration
In this section the relationship between the satellite derived adiabatic liquid water path Lad
(cf. Eq. 2.26) and the satellite derived adiabatic cloud droplet number concentration Nc,ad
(cf. Eq. 4.5) as well as the relationship between the geometrical thickness Hthick,CC and
Nc,ad is analyzed because they are closely related to each other. Assuming adiabaticity the






2 · LP (5.19)
with the cloud thickness derived from adiabatic assumptions Hthick,ad and the temperature
and pressure dependent adiabatic condensation rate Cw.
Although both cloud parameters Lad as well as Nc,ad are derived using the both from MODIS
derived parameters reff and τc the relationship bLad can’t be deduced from the relationship
between reff and τc. Under cloud optically thick conditions reff and τc can be considered
nearly independent, because the sensitivity of nonabsorbing and absorbing MODIS bands
to τc and reff is very nearly orthogonal (King. et al., 1997). Since the retrieval to derive
Hthick,CC the cloud thickness response bHthick,CC is presented and discussed compared to bLad .
First the comparison is shown on a global scale followed by investigating the liquid water path
response bLad and cloud thickness response bHthick,CC to cloud droplet number concentration
for the individual cloud regimes defined and discussed in Chap. 4.
5.2.1 Sensitivity studies on global scale
Fig 5.1 shows the global distribution of cloud liquid water path sensitivity bLad (Fig. 5.1(a))
and the cloud thickness sensitivity bHthick,CC (Fig. 5.1(b)) on a 2.5° × 2.5° grid including all
liquid water clouds. bLad and bHthick,CC respectively were calculated for every grid point using
the high resolved cloud parameters Lad, Hthick,CC and Nc,ad at cloud scale.
A strong positive regression coefficient appears along the ITCZ region in the tropical oceans
whereas over land and in higher latitudes of the northern hemisphere the sensitivity is lower
but still positive. In the southern hemispheric storm track region bLad can be even slightly
negative as well as in the Peruvian stratocumulus deck and off the west coast of Australia in
the Indian ocean.
The global distribution of bHthick,CC , presented in Fig. 5.1(b), shows clearly the relation to bLad .
In regions where bLad is strongly positive (over tropical oceans along the ITCZ) Hthick,CC and
Nc,ad are positively correlated while in mid-latitudes over the ocean, where bLad is weaker,
mostly negative correlations can be found. Over land both positive and negative values of
bHthick,CC can be obtained. Only by regarding the global distributions Lad and Nc,ad seem to
have a positive overall correlation whereas for bHthick,CC no clear assertion can be made.
The relationship between lnLad as well as lnHthick,CC and lnNc,ad on the global scale is
presented on natural log-log scales in the joint histogram in Fig. 5.2 where all values are
normalized to the maximum number of data points DPmax. The black lines indicate the
average curves. In the left panel a clear increase of lnLad with increasing lnNc,ad is shown
which is stronger for very small Nc,ad (up to Nc,ad = 3 cm
−3) and relatively constant over
the remaining Nc,ad distribution. The overall positive correlation can be quantified by the
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values of bLad = 0.286 with a relatively high dispersion of the data points represented by a
correlation coefficient of rcor = 0.27 and the spread of the data sspread = 36.1% representing
the percentage deviation from the average lnLad (cf. Eq. 5.18 and Eq. 5.13). In contrast
lnHthick,CC and lnNc,ad are slightly positively correlated at very small lnNc,ad (up to Nc,ad =
10 cm−3) and show almost constant lnHthick,CC with increasing lnNc,ad over the remaining
Nc,ad distribution resulting in a very low overall positive correlation with bHthick,CC = 0.051.
The correlation coefficient rcor = 0.085 substantiates also the weak correlation. Caused by
the high amount of data points contributing to the regression calculation σb is in order of
magnitude 10−3 to 10−4 and useless to insert here to estimate the uncertainty of the linear
regression.
(a) Global distribution of bLad of all liquid water clouds.
(b) Global distribution of bHthick,CC of all liquid water clouds.
Figure 5.1: Global distribution of cloud liquid water path sensitivity bLad (Fig. 5.1(a)) and cloud thickness
sensitivity bHthick,CC (Fig. 5.1(b)) on a 2.5° × 2.5° grid including all liquid water clouds without distinction
between individual cloud regimes using the high resolved cloud parameters at cloud scale.
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Figure 5.2: Joint histograms showing the relationship between lnLad (left) as well as lnHthick,CC (right) and
lnNc,ad for all liquid clouds without distinction between individual cloud regimes normalized to the maximum
number of data points; the black line indicates the average curve.
5.2.2 Sensitivity Studies for new liquid cloud regimes at cloud scale
Dependency on precipitation
Considering the relationship between Lad and Nc,ad filtering the data additionally for
precipitating and non precipitating clouds results in clearly different joint histograms
and global distributions than considering all liquid clouds together. For this the CloudSat
precipitation flag was used as described in Chap. 3.2.1 and Chap. 4.3.1 with non precipitating
clouds characterized by CloudSat precipitation flag = 0 and precipitating clouds include
CloudSat precipitation flag = 1 (liquid precipitation) and CloudSat precipitation flag = 3
(possible drizzle).
Fig. 5.3 shows the global distribution of bLad of only non precipitating clouds (Fig. 5.3(a))
and only precipitating clouds (Fig. 5.3(b)). Both precipitation scenarios show less global
patterns compared to Fig. 5.1(a). Especially non precipitating clouds show an almost
uniform distribution of bLad with only small differences but also the distribution of bLad of
precipitating clouds is much smoother than without distinction between these two cloud types
indicating similar cloud types show similar responses of Lad to changes in Nc,ad. Due to the
filtering for precipitation the negative correlations in the Peruvian stratocumulus deck and
West Australia disappear and both non precipitating and precipitating clouds show positive
correlations in this regions although the negative values in the high southern latitudes
still remain and can be obtained in all precipitation scenarios. Comparing Fig. 5.3(a) and
Fig. 5.3(b) precipitating clouds have a larger bLad than non precipitating clouds on a global
scale. These results are contrary to the liquid water path response to increased aerosol
presented in Chen et al. (2014). They found positive correlations between liquid water path
and aerosol optical depth for raining clouds but negative correlations for non precipitating
clouds. Several differences in the analyses could lead to the discrepancies in the results.
Here the liquid water path response to Nc,ad instead of aerosol optical depth is investigated.
Furthermore although both parameters reff and τc should be independent as discussed above
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errors in the retrieval to derive them could lead to an induced correlation between Lad and
Nc,ad. Another influencing aspect could be the scale dependency of aerosol cloud interactions
resulting in significantly different results for individual spatial and temporal resolutions as
discussed in (e.g., P. and Stier, 2010; McComiskey and Feingold, 2012). They argue that
the relationship between aerosol and cloud parameters are not a measure of their causal
association but rather indicate how completely variations in aerosol affect variations in cloud
properties so it is essential to consider the scale and approach to quantify aerosol cloud
interactions (McComiskey and Feingold, 2012).
(a) Global distribution of bLad considering only non precipitating clouds.
(b) Global distribution of bLad considering only precipitating clouds.
Figure 5.3: Global distribution of cloud liquid water path sensitivity bLad (Fig. 5.1(a)) on a 2.5° × 2.5° grid
considering distinction between non precipitating (Fig. 5.3(a)) and precipitating (Fig. 5.3(b)) clouds using the
high resolved cloud parameters at cloud scale.
Fig. 5.4 represents the relationship between lnLad and lnNc,ad on natural log-log scales
for non precipitating clouds (left) and precipitating clouds (right). Both cloud types show
positive correlations of lnLad with lnNc,ad confirming the effect of the global distributions
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(cf. Fig. 5.3) and pointing out the differences of the individual precipitation scenarios
recognizable in distributions and the average curves (black lines). Non precipitating clouds
show generally smaller average lnLad than precipitating clouds at comparable lnNc,ad which
contain more liquid water, however the increasing lnLad with increasing lnNc,ad appears
divided in two parts. At very small lnNc,ad up to 3 cm
−3, lnLad increases strongly followed by
a flattening of the curve increasing again constantly after a kink at about lnNc,ad = 20 cm
−3.
Non precipitating clouds show very strong increase of lnLad with increasing lnNc,ad at small
lnNc,ad up to 10 cm
−3 followed by a flattening of the curve until reaching a level at high
lnNc,ad larger than approximately 100 cm
−3 where the increase of lnLad is only very slight.
Figure 5.4: Joint histogram showing the relationship between lnLad and lnNc,ad for precipitating and non
precipitating clouds normalized to the maximum number of data points; the black line indicates the average
curve.
Figure 5.5: Bar charts of bLad and bHthick,CC showing dependency on precipitation
5.2. Relationship of liquid water path and geometrical thickness with cloud
droplet number concentration 57
For better comparison, in Fig. 5.5 bLad (left panel) as well as bHthick,CC (right panel) of all
three cloud types are shown in a bar chart where the red bars represent non precipitating
clouds, the blue bars represent precipitating clouds and the green bars represent all liquid
clouds together. The black lines and dots show ±σb · 20. The factor 20 is chosen since
σb is too small for a visible representation. All cloud types show a positive correlation
between lnLad and lnNc,ad as well as between lnHthick,CC and lnNc,ad. With bLad = 0.397
precipitating clouds have a significantly higher liquid water path sensitivity than non
precipitating clouds with bLad = 0.293 and all liquid clouds together bLad = 0.286. Both
precipitating and non precipitating clouds show higher sensitivities but smaller spreads
of the distribution indicated by correlation coefficients (rcor = 0.322/rcor = 0.405 for non
precipitating/precipitating clouds) and lower sspread (sspread = 33.82%/sspread = 17.66% for
non precipitating/precipitating clouds) compared to the linear regression for all liquid water
clouds (Chap 5.2.1). This demonstrates the advantage in filtering the clouds for individual
precipitation scenarios for investigating bLad increasing the weighted total bLad to 0.315.
The differences in the individual precipitation scenarios can be explained by the different
cloud droplet sizes in precipitating and non precipitating clouds. A precipitating cloud has
a larger average Lad for a specific Nc,ad than a non precipitating cloud (cf. Fig. 5.4) caused
on the one hand by enhanced Hthick,CC (cf. Fig. 5.6) and on the other hand by larger cloud
droplets needed to initialize rain (cf. Chap. 2.1.1.2). Thus an increase of Nc,ad leads to a
stronger increase in Lad for precipitating clouds until reaching a saturation level at high
Nc,ad where the rain formation is more efficient and cloud presumably looses a significant
amount of liquid water due to precipitation so Lad remains almost constant with increasing
Nc,ad. A non precipitating cloud has smaller cloud droplets and doesn’t loose water due
to precipitation so an increase in Nc,ad causes an increase in Lad even for very high Nc,ad
although this increase and therefore bLad is slighter than for precipitating clouds.
Figure 5.6: Joint histograms showing the relationship between lnHthick,CC and lnNc,ad for precipitating
and non precipitating clouds normalized to the maximum number of data points; the black line indicates the
average curve.
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Fig. 5.6 shows the relationship between lnHthick,CC and lnNc,ad for non precipitating clouds
(left) and precipitating clouds (right). The distributions differ clearly from each other where
precipitating clouds show significantly higher Hthick,CC than non precipitating clouds. Al-
though the spread decreases by filtering for precipitation scenarios (sspread = 8.5%/sspread =
8.83% for non precipitating/precipitating clouds compared to sspread = 9.97% for all liquid
clouds) bHthick,CC doesn’t increase but has lower values for the two precipitation scenarios
than considering all liquid clouds together (Fig. 5.5). However in all three precipitation cases
a small but evident positive correlation between lnHthick,CC and lnNc,ad can be obtained
indicating larger cloud depth correlated to enhanced Nc,ad.
Dependency on cloud base height
The dependency on cloud base height and precipitation is shown in Fig. 5.7 for the relation-
ship between lnLad and in Fig. 5.8 for bLad .
All precipitation scenarios show significant differences in the relationship between lnLad and
lnNc,ad and therefore bLad in the individual cloud base classes and precipitation cases. Con-
sidering case (a) in Fig. 5.7 lnLad increases almost constantly with increasing lnNc,ad in CBlow
and CBmiddle whereas in CBhigh the increasing is strong for small Nc,ad . 10 cm−3 and very
slight for the remaining Nc,ad distribution resulting in the smallest bLad .
Non precipitating clouds show the strongest increase of lnLad with increasing lnNc,ad at small
cloud droplet concentrations (Nc,ad . 10 cm−3) in all cloud base classes but the kink in the
average curves followed by a slighter growth of lnLad after the kink weakens with increasing
cloud base height (Fig. 5.7 (b)). Therefore bLad is highest in CBlow and smallest in CBhigh
(Fig. 5.8) however the spread shows a contrary behavior and decreases with increasing cloud
base height class. The kink of the curve in CBlow and CBmiddle is caused by clouds with
very small Lad which can be found less frequently in CBhigh (cf. also Chap. 4.2.1.4 where
the highest average Lad is assigned to CBhigh). So non precipitating marine clouds seem
to be more sensitive in Lad to perturbations in Nc,ad than rather polluted continental non
precipitating clouds.
In contrast, precipitating clouds show an increasing bLad with increasing cloud base height
where bLad is substantially lower in CBlow compared to the higher cloud base classes (Fig. 5.8).
This is caused by a considerably lower increase of lnLad with lnNc,ad beginning at rel-
atively small droplet concentrations lnNc,ad h 10 cm−3 after a strong increase at small
lnNc,ad . 10 cm−3 controlled by the rainrate. Since the rainrate depends much more strongly
on cloud thickness than on droplet concentration (Koren and Feingold, 2011) and CBlow shows
the highest average Hthick,CC presented in Fig. 5.9 (b) and also discussed in Chap. 4.2.1.3
compared to the other two cloud base classes, precipitation may be formed more efficiently
and could be more strongly depleting the liquid water path and therefore counteracting and
diminishing the increase of lnLad with increasing lnNc,ad. On the contrary, the two higher
cloud base classes show rather constant increase of lnLad with increasing lnNc,ad throughout
the entire Nc,ad distribution indicating these clouds loose less liquid water than clouds in
CBlow. CBhigh shows the largest liquid water path sensitivity which can be explained by the
smallest cloud droplets of all cloud base classes (cf. Tab. 4.2) reducing the efficiency of rain
formation and therefore rain droplet size. The spread is similar for all cloud base classes
but the correlation coefficient is significantly lower in CBlow indicating the lower linearity
5.2. Relationship of liquid water path and geometrical thickness with cloud
droplet number concentration 59
compared to CBmiddle and CBhigh.
Figure 5.7: Joint histograms of the relationship between lnLad and lnNc,ad for the three cloud base classes
depending on the individual precipitation scenarios ((a) no distinctions between precipitating and non precip-
itating clouds, (b) only non precipitating clouds, (c) only precipitating clouds) normalized to the maximum
number of data points; the black columns indicate the average curves. The cloud base classes are sorted in
vertical rows from left to right with increasing cloud base height so the leftmost row shows CBlow, the middle
vertical row shows CBmiddle and the rightmost row shows CBhigh.
Although the joint histograms of the particular precipitation scenarios look very different
(Fig. 5.7), similar bLad can be found in CBlow (Fig. 5.8) indicating that an individual be-
havior of cloud types not necessarily leads to different sensitivities and need possibly further
distinctions. The largest difference between the precipitation scenarios occurs in CBhigh. The
smaller cloud droplets in this cloud base class (cf. Chap. 4.2.1.2) cause on the one hand a
lower increase of lnLad with increasing lnNc,ad for non precipitating clouds and on the other
hand a lower drizzle rate reducing the loss of liquid water for precipitating clouds so lnLad is
still increasing with increasing lnNc,ad even if the cloud rains or drizzles.
60 Chapter 5. Sensitivity studies of adjustments to aerosol-cloud interactions
Considering all liquid clouds together and calculating the weighted mean bLad = 0.266 using
bLad of the individual cloud base classes doesn’t lead to a stronger sensitivity (cf. bLad = 0.286,
Fig. 5.2). Summarizing the dependency on precipitation and cloud base height results in a
weighted mean bLad = 0.306. However the spread is much lower for the particular clouds
regimes and different lnLad response to lnNc,ad can be discovered showing the individual
behavior of the cloud regimes.
Figure 5.8: Bar charts of bLad showing dependency on precipitation and cloud base height; colors of bars
explained in Fig. 5.5.
Figure 5.9: Joint histograms for non precipitating (a) and precipitating clouds (b) clouds showing the
relationship between lnHthick,CC and lnNc,ad for all three cloud base classes normalized to the maximum
number of data points; the black lines indicate the average curves.
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bHthick,CC depending on cloud base height and precipitation presented in Fig. 5.10 behaves sim-
ilarly to bLad (cf. Fig. 5.8). All liquid clouds together show the highest sensitivity in CBmiddle
and almost no correlation in CBhigh. bHthick,CC of non precipitating clouds is higher for clouds
in CBlow and CBmiddle and very low in CBhigh caused by almost constant lnHthick,CC with
increasing lnNc,ad (cf. Fig. 5.9). Precipitating clouds show higher cloud thickness sensitivities
in CBmiddle and CBhigh and almost no correlation in CBlow. This corroborates the hypothesis
of the slowed precipitation formation in CBmiddle and CBhigh causing a strong relationship of
cloud thickness and cloud droplet concentration and therefore larger bHthick,CC and also larger
bLad (cf. Fig. 5.8). However such a relationship is not obtained for non precipitating clouds in
CBhigh containing mainly clouds over land with high droplet concentrations and small cloud
droplets. They show almost no relationship between lnHthick,CC and lnNc,ad indicating that
Hthick,CC of marine clouds in CBlow and CBmiddle seems to be more sensitive to Nc,ad than
Hthick,CC of more polluted clouds over land assigned to CBhigh. It can therefore be concluded
that non or only lightly precipitating marine clouds show stronger liquid water path and
cloud thickness sensitivities than stronger precipitating marine clouds and non precipitating
clouds over land. The results show that liquid water path response to perturbations in cloud
droplet concentration is closely linked to cloud thickness response to perturbed cloud droplet
concentrations.
Figure 5.10: Bar charts of bHthick,CC showing dependency on precipitation and cloud base height; colors of
bars explained in Fig. 5.5.
Dependency on cloud inhomogeneity
Clouds are assigned to homogeneous (more stratiform) and inhomogeneous (more cu-
muliform) clouds, respectively using the cloud top variability as described in Chap. 4.1.2.
Fig. 5.11 shows bLad and bHthick,CC depending on precipitation and cloud inhomogeneity. Here
the blue bars represent homogeneous clouds and the purple bars represent inhomogeneous
clouds. All liquid clouds together as well as both precipitating and non precipitating clouds
show a higher liquid water path sensitivity and a higher cloud thickness sensitivity for
inhomogeneous clouds than for homogeneous clouds. The difference for non precipitating
clouds is lower than for precipitating clouds, where bHthick,CC is even slightly negative for
homogeneous clouds. Only by considering cloud inhomogeneity bLad can be increased to
bLad = 0.312 similar to the influence of only considering precipitation on bLad (cf. section
62 Chapter 5. Sensitivity studies of adjustments to aerosol-cloud interactions
above). Regarding both influences the one due to precipitation and the one due to cloud
inhomogeneity a liquid water path sensitivity of bLad = 0.33 is obtained.
Figure 5.11: Bar chart of bLad (left) and bHthick,CC (right) showing dependency on precipitation and cloud
inhomogeneity.
Looking at the individual cloud base classes, larger differences of bLad and bHthick,CC between
homogeneous and inhomogeneous clouds can be noticed. In Fig. 5.12/Fig. 5.13 bLad/bHthick,CC
for the individual cloud regimes considering precipitation, cloud base height class and cloud
inhomogeneity is shown. bHthick,CC for the individual cloud regimes (Fig. 5.13) corroborates
in principle the cloud thickness sensitivity of inhomogeneous clouds compared to homoge-
neous clouds in all cloud regimes except for non precipitating clouds in CBlow where it is the
opposite. bLad is more complex and doesn’t show the same behavior with larger values for
inhomogeneous clouds than for homogeneous clouds as demonstrated in Fig. 5.11 in all cloud
base classes.
Without separating into precipitating and non precipitating clouds the difference between
homogeneous and inhomogeneous clouds is largest in CBmiddle for both sensitivities bLad and
bHthick,CC . Non precipitating clouds show only slight differences between bLad of homogeneous
and inhomogeneous clouds in CBlow and CBmiddle and the largest discrepancy in CBhigh
caused by a similar bLad of inhomogeneous clouds in all cloud base classes in contrast to a
slightly decreasing bLad of homogeneous clouds from CBlow to CBhigh. So it seems that bLad of
marine non precipitating clouds in CBlow and CBmiddle doesn’t depend on cloud inhomogene-
ity whereas inhomogeneous rather continental clouds assigned to CBhigh show higher liquid
water path sensitivities than homogeneous in the same cloud base class. Precipitating clouds
show significant differences of bLad between homogeneous clouds and inhomogeneous clouds
in CBlow and CBmiddle and almost the same bLad in CBhigh. So if it is assumed that clouds in
CBlow produce more and heavier rain than clouds in CBhigh the liquid water path sensitivity
of only slightly precipitating clouds doesn’t depend on cloud inhomogeneity whereas stronger
precipitating clouds show lower increase of lnLad with lnNc,ad for homogeneous than for in-
homogeneous clouds.
All non precipitating homogeneous clouds have a larger spread than inhomogeneous clouds
in the same cloud base class whereas it is the opposite for precipitating clouds so filtering for
cloud inhomogeneity identifies clouds with similar liquid water path response better for in-
homogeneous non precipitating and homogeneous precipitating clouds. Considering all cloud
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regimes depending on precipitation, cloud base height class and cloud inhomogeneity the
cloud regime weighted liquid water path sensitivity can be calculated to bLad = 0.319.
Figure 5.12: Bar chart of bLad showing dependency on precipitation and inhomogeneity as well as cloud base
height, colors explained in Fig. 5.11.
Figure 5.13: Bar chart of bHthick,CC showing dependency on precipitation and inhomogeneity as well as cloud
base height, colors explained in Fig. 5.11.
bHthick,CC shows different behavior for non precipitating and precipitating clouds. In CBlow
bHthick,CC is larger for homogeneous clouds than for inhomogeneous clouds in contrast to all
other cloud regimes. Typically homogeneous clouds are naturally vertically limited and show
less geometrical thicknesses than inhomogeneous clouds (cf. Chap. 4.2.1.3) resulting in higher
bHthick,CC of inhomogeneous clouds compared to homogeneous clouds (cf. Chap. 4.2.1.3).
However in CBlow clouds behave the other way around with larger Hthick,CC for homogeneous
clouds than for cumulifrom clouds. So the limitation of vertical growth of homogeneous clouds
can not be obtained in this cloud base class leading to a higher bHthick,CC for homogeneous
clouds than expected for inhomogeneous clouds. Fig. 5.14 shows the joint histogram of
the relationship between lnHthick,CC and lnNc,ad for precipitating clouds as a representative
example of the limited vertical extension of homogeneous clouds. The distribution of all
precipitating clouds seems to be divided in two parts (cf. Fig. 5.6) resulting mainly from
the different vertical extent of homogeneous and inhomogeneous clouds. In Fig. 5.14 one
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can see that the majority of homogeneous clouds have Hthick,CC < 750 m whereas most of
the inhomogeneous clouds have Hthick,CC > 750 m at comparable Nc,ad resulting in higher
bHthick,CC for inhomogeneous than homogeneous clouds.
Figure 5.14: Joint histograms of only precipitating clouds showing the relationship between lnHthick,CC and
lnNc,ad dependent on cloud inhomogeneity normalized to the maximum number of data points; the black line
indicates the average curve.
Dependency on humidity at cloud top
Previous studies showed that entrainment of overlying dry air at cloud top can affect
liquid water path and cloud thickness response to aerosol perturbations (Chap. 2.2.2). An
increased cloud droplet number concentration and smaller cloud droplets lead to an enhanced
evaporation when dry air is entrained at cloud top counteracting positive relationships
between liquid water path respectively cloud thickness and cloud droplet concentration
resulting in smaller or even negative sensitivities. Fig. 5.15 shows bLad and bHthick,CC
depending on precipitation and humidity at cloud top (cf. Chap. 4.3.2). Here yellow bars
represent qrh,top (i) < 40% at cloud top, orange bars represent 40% ≤ qrh,top (i) < 80%
at cloud top and red bars are associated with qrh,top (i) ≥ 80%. Both bLad and bHthick,CC
show a strong dependency on qrh,top in all precipitation scenarios in general increasing
with increasing humidity at cloud top. As expected, the lowest sensitivities are obtained
for qrh,top (i) < 40% where bLad is significantly lower compared to the other two relative
humidity cases but still positive while bHthick,CC tends to be negative for the dry cases.
Without separating for precipitation the largest differences between the particular qrh,top can
be found. So lnLad and lnNc,ad are almost uncorrelated at qrh,top (i) < 40% (bLad = 0.023)
whereas bLad = 0.38 at qrh,top (i) ≥ 80%. lnHthick,CC and lnNc,ad show a clearly negative
correlation with bHthick,CC = −0.062 at qrh,top (i) < 40% and relatively strongly positive
correlation at qrh,top (i) ≥ 80% with bHthick,CC = 0.124. These effects are disguised by filtering
for non precipitating and precipitating clouds resulting in significant positive values for bLad
and much smaller negative values for bHthick,CC at qrh,top (i) < 40%.
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Figure 5.15: Bar charts of bLad and bHthick,CC showing dependency on precipitation and humidity at cloud
top
Figure 5.16: Bar charts of bLad showing dependency on precipitation and humidity for individual cloud base
height classes, colors explained in Fig. 5.15.
Figure 5.17: Bar charts of bHthick,CC showing dependency on precipitation and humidity for individual cloud
base height classes, colors explained in Fig. 5.15.
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In Fig. 5.16 bLad depending on precipitation and qrh,top for individual cloud base classes is
shown (colors explained in Fig. 5.15). In general no clear differences in bLad behavior are
obtained compared to considering all cloud base height classes together (cf. Fig. 5.15), with
bLad essentially increasing with increasing qrh,top. However, the liquid water path response to
cloud droplet concentration is most sensitive to qrh,top for non precipitating clouds in CBlow
and precipitating clouds in CBmiddle indicated by the largest differences between qrh,top (i) <
40% and qrh,top (i) ≥ 80% whereas clouds in CBhigh show smaller differences for the relative
humidity classes.
bHthick,CC depending on precipitation and qrh,top for individual cloud base classes is presented
in Fig. 5.17. Non precipitating clouds show the highest cloud thickness responses and the
strongest dependency on qrh,top in CBmiddle where bHthick,CC is negative at qrh,top (i) < 40%
increasing to a clear positive value at qrh,top (i) ≥ 80%. In comparison, in CBlow and CBhigh,
bHthick,CC is relatively small with a small dependency on qrh,top. This can be explained by
different Hthick,CC of clouds assigned to the particular cloud base classes. Clouds have the
largest mean Hthick,CC in CBlow and significantly lower mean Hthick,CC in CBmiddle and CBhigh
(cf. Chap. 4.2.1.3). An absolute change of Hthick,CC caused by entrainment of dry air at
cloud top will therefore lead to smaller relative changes of thick clouds in CBlow and provide
a large signal for thin clouds in CBmiddle. Concluding, the geometrical thickness of thick
clouds is less sensitive to qrh,top which explains the unexpectedly similar values of bHthick,CC
at qrh,top (i) < 40% and qrh,top (i) ≥ 80%. The relatively low values in CBhigh result from the
generally small cloud thickness sensitivity of non precipitating clouds in this cloud base class
(cf. Fig. 5.10). bHthick,CC of precipitating clouds increases with increasing qrh,top, is always
positive at 40% ≤ qrh,top (i) < 80% and qrh,top (i) ≥ 80% and changes from negative values in
CBlow to uncorrelated in CBmiddle and slightly positive in CBhigh.
Comparing Fig. 5.16 and Fig. 5.17 it should be noted that bLad and bHthick,CC don’t necessarily
show the same behavior. Considering the thick clouds in CBlow, entrainment of dry air at
cloud top doesn’t affect bHthick,CC that much as explained above. However, bLad is significantly
lower at qrh,top (i) < 40% and increases clearly with increasing qrh,top. This could be explained
by reduced cloud droplet size without complete evaporation of the droplets. So Hthick,CC
doesn’t decrease because the cloud droplets still exist although they are the smaller the lower
qrh,top is. The reduced cloud droplet size, for its part, results in lower bLad compared to bLad
for larger droplets at larger qrh,top. In contrast, non precipitating clouds in CBmiddle show
strong dependency of bHthick,CC on qrh,top but less dependency of bLad on qrh,top. Furthermore
the negative cloud thickness at qrh,top (i) < 40% isn’t related to a negative cloud liquid water
path response also apparent for precipitating clouds in CBlow. Since LP is the integral of
LC from cloud base to cloud top one should expect that LP decreases if cloud geometrical
thickness decreases. If this isn’t the case LC has to compensate the decreasing geometrical
thickness. For a specific cloud droplet concentration the droplet size has to increase causing
an enhanced LC counteracting the decreased cloud thickness and resulting in positive cloud
liquid water response even if Hthick,CC is reduced. But how can cloud droplet size increase
when dry air is entrained at cloud top? The complete evaporation of cloud droplets could
lead to higher local supersaturations resulting in growing of the remaining cloud droplets so
bHthick,CC can be negative (less cloud droplets) while bLad is still positive (less but larger cloud
droplets).
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5.3 Relationship of cloud fraction and cloud droplet number
concentration
This section discusses the relationship of cloud fraction Fges and Nc,ad. First the sensitivity
study of the cloud fraction response bFges is presented on a global scale followed by investi-
gating bFges for individual liquid water cloud regimes defined in Chap. 4.
5.3.1 Sensitivity studies on global scale
In Fig. 5.18 the global distribution of bFges for every 2.5° × 2.5° grid point is shown. bFges is
clearly positive almost throughout the entire Earth. The relationship between Fges and Nc,ad
is strongest in the tropical Pacific and Indian ocean whereas the smallest values of bFges occur
over land. The generally global positive correlation between Fges and Nc,ad is confirmed
by the joint histogram (Fig. 5.19 ) showing the relationship between lnFges and lnNc,ad
for all liquid water clouds. A high amount of data points are assigned to a cloud fraction
of 100% due to the high horizontal resolution of the data set. The averaged curve (black
line) shows a strong increase of lnFges with increasing lnNc,ad until a droplet concentration
of about 100 cm−3. For larger cloud droplet concentrations lnFges slightly decreases with
increasing lnNc,ad but overall resulting in a clear positive correlation of lnFges and lnNc,ad
on a global scale with bFges = 0.414. However, the large spread of sspread = 62.1% indicates
the relatively poor match with the correlation equation making further separations necessary.
Figure 5.18: Global distribution of bFges on a 2.5° × 2.5° grid including all liquid water clouds without
distinction between individual cloud regimes using the high resolved cloud parameters at cloud scale.
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Figure 5.19: Joint histograms showing the relationship between lnFges and lnNc,ad for all liquid clouds
without distinction between individual cloud regimes normalized to the maximum number of data points; the
black line indicates the average curve.
5.3.2 Sensitivity studies for new liquid cloud regimes at cloud scale
Dependency on precipitation
In Fig. 5.20 the global distribution of bFges on a 2.5° × 2.5° grid after filtering for non
precipitating clouds (Fig. 5.20(a)) and for precipitating clouds (Fig. 5.20(b)) is presented
showing distinct differences of the two precipitation scenarios. Non precipitating clouds
show an overall positive correlation between lnFges and lnNc,ad which is lower over land and
stronger over the oceans. In contrast bFges is negative for precipitating clouds over large
areas especially in the marine stratocumulus regions west of South and North America and
west of South Africa as well as in the southern Indian ocean and North Atlantic but can
also be positive as can be seen in the tropical Pacific, partly over land and in the northern
Indian ocean.
Joint histograms of the relationship between lnFges and lnNc,ad for non precipitating
(Fig. 5.21) corroborate the overall positive correlation with strong increase of lnFges with
increasing lnNc,ad until relatively high droplet concentrations similar to the shape of the curve
in Fig. 5.19. Precipitating clouds show significantly different behavior with a strong increase
of lnFges with increasing lnNc,ad for small cloud droplet concentrations lnNc,ad . 10 cm−3
followed by a strong decrease of lnFges with increasing lnNc,ad over the remaining cloud
droplet distribution (Fig. 5.21). This results in an overall negative bFges considering all
precipitating clouds without further distinctions. Filtering for precipitation reduces the
spread of the individual lnFges-lnNc,ad relationships to sspread = 46.5%/sspread = 49.3% for
non precipitating/precipitating clouds. However, the curve for precipitating clouds doesn’t
show a linear behavior as indicated by the very low correlation coefficient rcor = −0.08.
Fig. 5.22 shows the comparison of bFges for non precipitating clouds (red bar), precipi-
tating clouds (blue bar) and all clouds without precipitation separation (green bar). The
positive correlation between lnFges and lnNc,ad may be caused by smaller droplet sizes at
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enhanced droplet concentrations leading to increased cloud fraction. At very high droplet
concentrations, cloud fraction decreases with increasing droplet concentration where other
processes may exert a greater influence, but the overall correlation is still positive with
bFges = 0.431. Cloud droplet growth for initializing precipitating formation is mainly due to
the collision-coalescence growth (cf. Chap 2.1.1.2) which is less effective for small droplet
concentrations indicated by even increase of lnFges with increasing lnNc,ad at low droplet
concentrations lnNc,ad . 10 cm−3 for precipitating clouds. If droplet concentration is
increased further, precipitation may be formed more efficiently leading hypothetically to
strong decrease of lnFges with increasing lnNc,ad and an overall slight negative correlation
(bFges = −0.129).
(a) Global distribution of bFges considering only non precipitating clouds.
(b) Global distribution of bFges considering only precipitating clouds.
Figure 5.20: Global distribution of bFges considering distinction between precipitating and non precipitating
clouds.
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Figure 5.21: Joint histograms showing the relationship between lnFges and lnNc,ad for non precipitating and
precipitating clouds normalized to the maximum number of data points. The black line indicates the average
curve.
Figure 5.22: Bar charts of bFges showing dependency on precipitation.
Dependency on cloud base height
The dependency on cloud base height is presented in Fig. 5.23 for all precipitation
scenarios (colors explained in Fig. 5.5). In general, non precipitating/precipitating clouds
show the same behavior with positive/negative bFges in each cloud base class. Fges of non
precipitating clouds is most sensitive to Nc,ad in CBmiddle and least sensitive in CBhigh. In
Fig. 5.24 the joint histograms showing the relationship between lnFges and lnNc,ad depending
on cloud base height class for non precipitating clouds are presented. A strong increase of
lnFges with increasing lnNc,ad can be seen in CBmiddle (bFges = 0.569), in CBlow the increase
is smaller (bFges = 0.45). lnFges shows a positive correlation with lnNc,ad also in CBhigh but
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then reaching a saturation level where an increase in lnNc,ad at high droplet concentrations
has almost no influence on cloud fraction resulting in significantly lower overall sensitivity of
bFges = 0.299. Precipitating clouds show almost the same behavior in each cloud base class,
resulting in similar cloud fraction sensitivities bFges = −0.162/bFges = −0.109/bFges = −0.142
in CBlow/CBmiddle/CBhigh.
Figure 5.23: Bar charts of bFges showing dependency on precipitation and cloud base height; colors of bars
explained in Fig. 5.5.
Figure 5.24: Joint histograms showing the relationship between lnFges and lnNc,ad for non precipitating
clouds depending on cloud base class normalized to the maximum number of data points. The black line
indicates the average curve.
Summarizing the cloud fraction of non precipitating marine clouds assigned to CBlow and
CBmiddle are most sensitive to changes in droplet concentration. In turn, rather continental
clouds in CBhigh reach a saturation level at higher droplet concentrations where cloud fraction
is almost independent on droplet concentration, decreasing the overall cloud fraction sensitiv-
ity. The large cloud droplets in CBmiddle (cf. Chap. 4.2.1.2) are more sensitive to enhanced
droplet concentration and the related reduction of cloud droplet size than the rather polluted
clouds with smaller average cloud droplets. So it seems after reaching a certain small droplet
size a further decrease by enhanced cloud droplet concentration doesn’t influence the cloud
fraction which remains relatively constant with increasing droplet concentration. In contrast,
precipitating clouds seem to be almost independent on cloud base height class.
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Dependency on cloud inhomogeneity
Fig. 5.25 shows the individual joint histograms of the relationship between lnFges and
lnNc,ad of homogeneous (stratiform) and inhomogeneous (cumuliform) non precipitating
clouds (a) as well as homogeneous and inhomogeneous precipitating clouds (b). Considering
the joint histograms of all non precipitating clouds (cf. Fig. 5.21) it seems that two different
cloud types are involved, one showing a cloud fraction of about 100% and one showing
cloud fractions less than 100%. These cloud types are distinguished and identified using
the cloud inhomogeneity class. Comparing the joint histograms of non precipitating clouds
in Fig. 5.25, as expected, homogeneous clouds show more frequently a cloud fraction of
100% than inhomogeneous clouds where the cloud fraction is rather distributed over cloud
fractions lower than 100%.
Figure 5.25: Joint histograms of the relationship between lnFges and lnNc,ad showing dependency on cloud
inhomogeneity for only non precipitating clouds (a) and only precipitating clouds (b)) normalized to the
maximum number of data points. The black line indicates the average curve.
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Therefore, lnFges of homogeneous clouds increases strongly with increasing lnNc,ad until a
peak where most of the clouds have a cloud fraction of 100% followed by a decrease at very
high droplet concentrations. lnFges of inhomogeneous clouds show lower increase with increas-
ing lnNc,ad so the shape of the mean average curve flattens more and more at higher droplet
concentrations resulting in significantly lower overall cloud fraction sensitivity (bFges = 0.332)
compared to inhomogeneous clouds (bFges = 0.53), although lnFges doesn’t decrease at very
high lnNc,ad. For precipitating clouds, homogeneous and inhomogeneous clouds show a sim-
ilar behavior with a strong increase of lnFges with increasing lnNc,ad at very small droplet
concentrations and a decrease of lnFges with increasing lnNc,ad thereafter. However, homo-
geneous clouds have a larger average cloud fraction and the decrease is stronger, dominating
the overall relationship between lnFges and lnNc,ad. This results in a larger negative cloud
fraction sensitivity for homogeneous clouds compared to inhomogeneous clouds. The higher
absolute value of the correlation coefficient of homogeneous clouds rcor = −0.147 indicates
that the linear relationship fits better than for inhomogeneous clouds.
In Fig. 5.26 the influence of filtering clouds using precipitation and cloud inhomogeneity on
bFges is presented. Since homogeneous and inhomogeneous clouds show the same behavior in
all cloud base height classes it is sufficient to consider all cloud base height classes together.
In general homogeneous clouds show stronger cloud fraction sensitivities than inhomogeneous
clouds resulting in larger positive bFges for homogeneous non precipitating clouds and larger
negative bFges for homogeneous precipitating clouds compared to the respective inhomoge-
neous clouds. Because of the limited vertical growth of homogeneous clouds, an increasing
cloud droplet concentration and related cloud droplet size reduction suppressing drizzle leads
to a strong increase of cloud fraction until reaching the maximal possible Fges = 100%. This
effect is largest for clouds with low cloud droplet concentrations in CBmiddle. Inhomogeneous
clouds rather tend to extend vertically but don’t reach Fges = 100% as frequently as ho-
mogeneous clouds resulting in lower overall sensitivities. Homogeneous precipitating clouds
show also higher average cloud fractions than inhomogeneous precipitating clouds but this
causes a stronger decrease of cloud fraction with enhanced droplet concentrations when cloud
dissipates by precipitation.
Figure 5.26: Bar chart of bFges showing dependency on precipitation and cloud inhomogeneity.
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Dependency on humidity at cloud top
The dependency of bFges on the free tropospheric humidity at cloud top is shown in
Fig. 5.27. Considering all liquid clouds, non precipitating and precipitating clouds together,
bFges shows the expected behavior with lower values at qrh,top (i) < 40% increasing until
the highest value at qrh,top (i) ≥ 80%. Surprisingly, after filtering for precipitation, bFges
of non precipitating clouds shows almost no dependence on qrh,top with similar values at
qrh,top (i) < 40% and qrh,top (i) ≥ 80% and the smallest value at 40% ≤ qrh,top (i) < 80%.
In contrast, precipitating clouds have the largest negative cloud fraction sensitivity at
qrh,top (i) < 40% with decreasing sensitivity down to uncorrelated lnFges with lnNc,ad at
qrh,top (i) ≥ 80%.
A small qrh,top alone is not enough to dissipate non precipitating clouds and reduce their
cloud fraction with increasing droplet concentration or even decrease bFges . This behavior
can be obtained for clouds in CBlow and CBhigh whereas clouds assigned to CBmiddle show
the strongest cloud fraction sensitivity at qrh,top (i) < 40% with bFges = 0.671 compared to
similar bFges = 0.52/bFges = 0.514 in CBmiddle/CBhigh. Considering the same cloud regime
(qrh,top (i) < 40% in CBmiddle) the strongest cloud fraction sensitivity is related to the
only negative cloud thickness response bHthick,CC in Fig. 5.17 for non precipitating clouds
depending on humidity. This implies that overlying dry air can reduce cloud geometrical
thickness and simultaneously increase cloud fraction of marine tropical and subtropical
clouds. This would support the theory that enhanced evaporation by entrainment of dry air
at cloud top leads to thinner clouds but could increase locally the saturation counteracting
the reduction of cloud fraction. On the other hand, a small qrh,top reinforces the cloud
fraction response of precipitating clouds leading to a stronger negative bFges .
Figure 5.27: Bar chart of bFges showing dependency on precipitation and humidity at cloud top.
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5.4 Summary and Conclusions
Cloud liquid water path response, bLad , cloud thickness response, bHthick,CC and cloud fraction
response, bFges , to perturbed cloud droplet concentration were investigated depending on the
six liquid water cloud regimes, defined and discussed in Chap. 4 using three cloud base height
classes and two cloud inhomogeneity classes, as well as precipitation and free tropospheric hu-
midity at cloud top. All sensitivities depend on the chosen cloud or environmental parameter
indicating the importance of analyzing aerosol-cloud interactions for particular cloud regimes
to identify the individual behavior to perturbations.
bLad is positive for all cloud regimes indicating an increase in cloud liquid water path with
increasing droplet concentration. It depends strongly on precipitation occurrence with larger
values for precipitating clouds than comparable non precipitating clouds in almost all cases.
Furthermore, the separation between non precipitating clouds and precipitating clouds and
the calculation of the weighted mean leads to an increase of bLad with decreased spread of
the individual precipitation cases compared to considering all liquid clouds together. The
particular cloud base height classes also influence bLad with different behaviors of non precip-
itating clouds and precipitating clouds. bLad and bHthick,CC are closely linked to each other so
in general one can say the liquid water path as well as the cloud thickness of thick marine
precipitating clouds in mid-latitudes assigned to CBlow and non precipitating rather conti-
nental more polluted clouds assigned to CBhigh are less sensitive to perturbations in cloud
droplet concentration indicating the importance of different influences on the individual cloud
regimes. A hypothesis on why this result is found could be that for precipitating clouds the
rainrate controlled by cloud thickness is crucial in counteracting an increase in liquid water
path and cloud thickness with increased cloud droplet concentration by loosing liquid water.
bLad and bHthick,CC of non precipitating are mainly controlled by cloud droplet size and there-
fore smaller considering clouds with small cloud droplets where further reduction of cloud
droplet sizes by enhanced droplet concentration has significantly less influence on liquid wa-
ter path and cloud thickness than for clouds with larger droplets. Cloud inhomogeneity seems
to influence bLad only slightly with a slightly stronger sensitivity for inhomogeneous (cumuli-
form) clouds than for homogeneous (stratiform) clouds. The differences can be seen better
by considering also the individual cloud base height classes and precipitation scenarios. Both
bLad and bHthick,CC show expected dependency on free tropospheric relative humidity above
cloud top with generally lower values for overlying dry air. But even though bHthick,CC can
become negative at small relative humidities at cloud top, indicating a thinning of the cloud,
bLad remains positive in all relative humidity cases.
bFges depends strongly on precipitation even changing the sign with positive values for non
precipitating clouds and negative values for precipitating clouds in all cloud regimes. The
cloud base height class doesn’t influence the cloud fraction response of precipitating clouds
that but shows differences for non precipitating clouds. The cloud fraction of marine clouds
in CBlow and CBmiddle is much more sensitive to perturbations in cloud droplet concentra-
tion than rather continental more polluted clouds in the cloud base class CBhigh. Cloud
inhomogeneity also has a strong influence on bFges with significantly higher absolute values
meaning larger positive/negative values for non precipitating/precipitating clouds of homo-
geneous clouds compared to inhomogeneous clouds. The free tropospheric relative humidity
above cloud top reinforces the negative cloud fraction response of precipitating clouds by
overlaying dry air but has no significant or consistent influence on non precipitating clouds.
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In general the separation between individual cloud regimes reduces the spread of the cloud
parameter-cloud droplet concentration relationship indicating that is appropriate to use
the cloud regime definition since similar clouds with similar cloud parameter responses are
grouped together helping to identify individual behavior of these cloud regimes to perturba-
tions in cloud droplet number concentration.
Chapter 6
Summary and Conclusion
In this chapter a brief final summary of the work in this thesis and the presentation of the
results are provided. The following outlook points out possible questions to work on in further
studies.
6.1 Summary and conclusions
Influencing the Earth’s radiation budget, clouds play a crucial role in prediction of climate
change. They are highly variable in time and space and can act as both cooling and
heating factor of the atmosphere depending on the cloud type. Furthermore aerosols can
affect clouds in many different ways termed as aerosol-cloud interactions. Because of
their manifoldness especially these cloud-aerosol interactions are difficult to estimate. The
latest IPCC assessment report (IPCC, 2013) distinguishes between radiative forcing and
adjustments of aerosol-cloud interactions as a response of an enhanced aerosol concentration
and related perturbations in cloud droplet number concentration. The radiative forcing
describes the resulting increased cloud albedo while adjustments summarize all remaining
effects. In this thesis the cloud liquid water path response, the cloud thickness response
and the cloud fraction response to perturbed cloud droplet number concentration was
investigated for individual liquid water cloud regimes on a global scale to improve the
scientific understanding of adjustments of aerosol-cloud interactions.
In the following all steps are summarized and the results are presented and discussed finally.
1. Used data and their preparation and filtering
The studies and analyzes are based on satellite measurements of the A-Train satellite
constellation members Aqua, CloudSat and CALIPSO. The passive spectroradiometer
MODIS onboard Aqua retrieves a wealth of informations about aerosol and cloud properties
with a global coverage within one to two days (King et al., 2003; Barnes et al., 1998).
Together with the vertical measurements of the lidar CALIOP onboard CALIPSO (Winker
et al., 2007, 2009, 2010) and the radar CPR onboard CloudSat (Stephens et al., 2008; Haynes
et al., 2009) a maximum information about clouds and aerosols can be derived. In this thesis
the collocated data of these measurements included in the CCCM dataset (Kato et al., 2010,
2011) are used providing high resolved cloud and aerosol properties with a spatial resolution
of about 20 km and daily data coverage on a global scale for years from 2007 to 2010. To
minimize uncertainties the data are filtered and only daytime data are used. Additionally
the polar regions with latitudes larger than 60°N/S are neglected. Furthermore only liquid
water clouds with a Ttop larger than 273 K are considered.
The cloud base height is one of the parameters used to separate the individual liquid
water cloud regimes investigated in this thesis. Since it is very difficult to derive the
cloud base height from space a comparison with ground observations based on visual cloud
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observations of trained human observers (Hahn and Warren, 1999; Eastman and Warren,
2012) was performed. For this, the collocated satellite derived cloud base heights were
assigned to altitude ranges used to report the cloud base height from ground observations
(World Meteorological Organization, 2011). The agreement of satellite measured and ground
observed cloud base height being in the same altitude range improves from 17% to 24.1%
and even from 41.8% to 60.2% considering additionally cloud base heights differing only
one altitude range from each other when CloudSat signals are neglected. So only CALIOP
derived cloud base heights are considered for cloud separation.
2. Liquid water cloud regimes at cloud scale
Stevens and Feingold (2009) point out the necessity to investigate aerosol-cloud interactions
for individual cloud regimes. The individual cloud types therefore show individual responses
to perturbed aerosol concentration and associated perturbed cloud droplet number concen-
tration so the adjustments of aerosol-cloud interactions were investigated for particular liquid
water cloud regimes. Cloud regimes are often defined on large spatial scales with a coarse
resolution of 100 km up to 2.5° and monthly time scales which seems to be imperfect to assign
individual cloud systems to a certain regime (Nam and Quaas, 2013). The new approach
applied in this thesis has advantages over previous cloud regime definitions suggested in the
literature (e. g., Klein and Hartmann, 1993; Rossow and Schiffer, 1999; Norris and Weaver,
2001; Bony et al., 2004; Wood and Bretherton, 2006; Williams and Webb, 2008; Su et al.,
2010; Medeiros and Stevens, 2011). It defines clouds at the scale of individual cloud systems
using the high spatial resolution of about 20 km included in the CCCM dataset on a daily
time scale, avoids the usage of reanalysis data and is independent of cloud fraction, cloud
optical depth and related parameters allowing the investigation of these cloud physical and
optical properties to study aerosol-cloud interactions.
Three cloud base height intervals over ground and two classes of the variability of the
cloud top height as an inhomogeneity parameter provide six new cloud classes. It is
possible to distinguish smoothly between more marine clouds (the predominant amount of
95.1%/95.3% of clouds with low/middle Hbase occurs over the ocean) and more convective
rather continental clouds (70.8% of all clouds over land are assigned to high Hbase) without
using a static land-sea mask. Furthermore more stratiform clouds (homogeneous, small
cloud top height variability) and more cumuliform clouds (inhomogeneous, high cloud top
height variability) can be differentiated as well as clouds in different latitudes.
The individual cloud regimes show clear different behaviors of the investigated cloud parame-
ters cloud droplet number concentration, effective radius, cloud geometrical thickness, liquid
water path and optical cloud thickness indicating the usefulness of the chosen separation
parameters. As expected, the largest mean effective radii and smallest mean cloud droplet
number concentrations can be found for clouds with low and middle Hbase (predominantly
marine) whereas the smallest mean effect radii and the largest mean cloud droplet number
concentrations are assigned to clouds with high Hbase (rather continental) possibly caused
by an enhanced aerosol concentration over land compared to marine regions. Closely linked,
clouds with high Hbase also show the highest average values in optical thickness and liquid
water path related to the high geometrical thickness of these clouds in contrast to thinner
middle-base clouds with low mean liquid water path and optical thickness. Clouds with low
Hbase occur mainly in higher latitudes and show the largest average geometrical thickness
of all clouds and high average values of liquid water path. Furthermore the comparison
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between homogeneous and inhomogeneous clouds clearly illustrates the different behavior
of these cloud types. All inhomogeneous clouds have larger mean effective radii associated
with higher mean cloud droplet number concentrations and higher liquid water paths than
homogeneous clouds in the same cloud base class. In principle inhomogeneous clouds
grow deeper and have larger mean geometrical thicknesses than inhomogeneous clouds also
reflected in the optical thickness. An exception here is the lowest cloud base class with the
highest average geometrical and optical thicknesses of all cloud classes.
To investigate adjustments of aerosol-cloud interactions further distinctions were made. The
clouds were separated into precipitating (17.4%) and non precipitating clouds (82.6%) using
the CloudSat precipitation flag. The results after the filtering are in high agreement with
Chen et al. (2014). Since only liquid water clouds are considered almost no precipitating
clouds can be found over land according to the results presented in Mülmenstädt et al.
(2015). Additionally, three different intervals of free tropospheric relative humidity above
cloud top are chosen for cloud regime separation. This parameter is derived using the
CloudSat/CALIPSO measurements of cloud top height as well as the reanalysis data of
cloud top pressure and water vapor mixing ratio at cloud top.
3. Adjustments of aerosol-cloud interactions
To investigate adjustments of aerosol-cloud interactions the cloud liquid water path response,
the cloud thickness response, and the cloud fraction response to perturbed cloud droplet
number concentration were analyzed for the new liquid water cloud regimes separated using
three cloud base height intervals, the distinction between homogeneous and inhomogeneous
clouds as well as between precipitating and non precipitating clouds and three cases of free
tropospheric relative humidity above cloud top. The studies were based on the four year time
series of the CCCM dataset. All sensitivities depend on the chosen cloud and environmental
parameter and will be summarized and discussed hereafter.
Previous investigations of ship track observations (e. g., Ackerman et al., 2000b; Platnick
et al., 2000; Coakley and Walsh, 2002) and satellite observations (e. g., Han et al., 2002;
Sekiguchi et al., 2003; Quaas et al., 2009; Costantino and Bréon, 2013) discover both positive
and negative cloud liquid water responses to perturbed aerosol concentration respectively
cloud droplet number concentration whereas a significant positive cloud liquid water response
could be found in many model studies (e. g., Quaas et al., 2009). LES studies show the
importance of influencing environmental and meteorological parameter like humidity above
clouds and precipitation occurrence (Ackerman et al., 2004; Lu and Seinfeld, 2005; Sandu
et al., 2008; Lee et al., 2009, 2012) pointing out the complexity of different effects partly
counteracting each other which make them difficult to be disentangled. In contrast, the
analyzes in this thesis show positive values of cloud liquid water sensitivity for all cloud
regimes. This might be caused by the use of the cloud regime definition, the small temporal
and spatial scales on which they are defined, the chosen cloud and environmental parameters
and considering clouds within the 4 year time series over the entire globe, not only a specific
geographical region. Several studies indicate the importance of the mentioned parameter
(e. g., Stevens and Feingold, 2009; P. and Stier, 2010; McComiskey and Feingold, 2012;
Gryspeerdt and Stier, 2012).
The cloud liquid water sensitivity depends strongly on the precipitation scenario and the
relative humidity above cloud top with larger values for precipitating clouds and smaller
values for overlying dry air in almost all cases. The particular cloud base classes also have
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a large influence with individual behaviors for precipitating and non precipitating clouds.
In principle can be concluded that the liquid water path of thick precipitating clouds
in the mid-latitudes and non precipitating rather continental clouds are less sensitive to
perturbations in cloud droplet number concentration than marine clouds in the tropics and
subtropics. Cloud inhomogeneity seems to have a smaller influence with only slightly larger
values for inhomogeneous clouds than for homogeneous clouds.
Cloud liquid water and cloud thickness response are closely linked to each other as reflected
in the similar behavior of both sensitivities. But while the liquid water sensitivity remains
positive for all cloud regimes cloud thickness sensitivity can become even negative at small
relative humidities at cloud top. One reason might be an error in the retrieval to derive
the effective radius and cloud optical depth from satellite measurements and therefore
influencing relationship between the cloud liquid water path and cloud droplet number
concentration. Another physically explanation could be the complete evaporation of cloud
droplets when dry air is entrained at cloud top resulting in thinner clouds (negative cloud
thickness sensitivity) but higher local supersaturations causing the growing of the remaining
cloud droplets (positive cloud liquid water sensitivity with less but larger cloud droplets).
The cloud fraction sensitivity shows a strong dependency on the distinction between
precipitating and non precipitating clouds even changing the sign from positive values for
all non precipitating clouds to negative values for all precipitating clouds. Furthermore
homogeneous clouds show significantly higher absolute values of cloud fraction sensitivity
than inhomogeneous clouds. The influence of the cloud base height is only slight for
precipitating clouds but reveals that the cloud fraction of non precipitating marine clouds
is much more sensitive to perturbations in cloud droplet number concentration than non
precipitating more convective rather continental clouds. Considering the free tropospheric
relative humidity shows the opposite effect with less influence on non precipitating clouds
but reinforcing the negative cloud fraction response for precipitating clouds.
6.2 Perspectives
Since both cloud droplet number concentration and liquid water path are derived using the
effective radius and cloud optical depth provided by satellite measurements an error in these
parameters could lead to false relationships. Furthermore the adiabatic assumptions made
to derive cloud droplet number concentration and liquid water path may generate false rela-
tionships. A first test investigation using an independent liquid water path showed similar
behavior of the cloud liquid water response but further investigations could be helpful ex-
cluding generated relationships in the absence of a causal relationship.
The adiabatic assumption made to derive cloud droplet number concentration and liquid
water path from satellite measurements may bias the calculations an therefore influence the
sensitivities. Since cloud droplet number concentration is very difficult to derive from mea-
surements this is a main challenge in investigating clouds and their effect on climate.
Possible feedbacks when liquid water path, cloud thickness or cloud fraction influence cloud
droplet number concentration have not been taken into account here. Because of their com-
plexity this should be investigated in further studies base on the results in this thesis.
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